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PREFACE TO THE FOURTH EDITION 


Since the last revision of this volume, in 1934, there have been 
nany important developments in the field of electrical engineering, a 
rreat number being stimulated by war. In addition, the great impor¬ 
tance of science in our present-day life and economy has increased 
greatly the number of those studying in the field of electrical engineer¬ 
ing. These factors not only have made essential a broader foundation 
in the education of the electrical engineer, but also have made it 
necessary to raise the level of the electrical-engineering curriculum. 
In the present revision the author has attempted to meet these require¬ 
ments by expanding the fundamental material and by showing in 
more detail its application to the study of electrical machinery and 
apparatus. 

For example, the scope of the properties of alternating-current 
circuits has been expanded to include further develoi)ments in series 
and parallel resonance, harmonics, power as related to circuit param¬ 
eters, and conjugate method of computing watts and vars; and the 
application of subscript notation and complex operators to polyphase 
circuits has been extended fiirtlier than in prior editions. 

In the field of instruments, there haA e been added the thermal and 
rectifier types of voltmeter and ammeter and the cathode-ray oscillo¬ 
scope, all of ^\hich are now in common use. Also, late improvements 
in instrument design have been described. 

The illustrations showing the design and construction of apparatus 
such as alternators, transformers, induction motors, and rectifiers are 
>*epresentative of modern practice. For example, in the chapter on 
Transformers the development of cold-rolled high-reduction trans¬ 
former steel and its effect in making a radical change in the construc¬ 
tion of transformer cores from the method of using flat iron punchings 
to that of using rolled and bent iron are discussed in some detail. 

In the analysis of alternator testing and operation there are now 
included single-phase pulsating armature reaction, the Potier method, 
and its development into the American Standards Association method 
for determining alternator regulation. 

The operation of the synchronous motor is studied in greater 
detail, and in view of the wide use of selsyns, and the application c" 
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synchronous motors to electric ship propulsion, these also have been 
added. The large number of long, very high-voltage transmission 
lines, such as those at Jiouldcr Dam, has led to the inclusion of line 
calculations that take into consideration their distributed capacitance. 
Likewise, the rapid expansion of the low-voltage three-phase networks 
has prompted the addition of these in the text. 

In the chapter on Electron Tubes, the discussion of the tlu'ory of 
emission and vacuum-tube operation has been expanded, together 
with the measurements of amplification and the dynamic characteris¬ 
tics of tubes. The methods of measuring transconductance, amplifi¬ 
cation, and plate resistance have been given in greater detail, 
particularly in the matter of dynamic measurements. Erecpiency 
modulation and frequency-modulation detection ha\'e been added. 
New developments in rectifier practice, sii(*has the selenium rectifier, 
the ignitron, and the electronic control of motors have also been added 
to the cliapter on Itcctifiers. 

All the prol)lems are entirely new and, as in former editions, tliey 
follow closely the analyses developed in th(» text. 

The author is indebted to so many wlio lui\'e made helpful sugges¬ 
tions, or vho have assisted him in otlier ways in this revision, that he 
can hope to include the names of only a limited numl)er. 

Chapter XIV" on Electron Tul)es was written l>y R. F. Field and 
A. G. Bousquet, both of the General ILadi^^ Company of Cambridge, 
Mass. 

The author has been helped by R. T. Gibbs, Dr. E. C. Easton, and 
John P. Newton of the Graduate School of bmgiiioering at Harvard 
University, and by A. L. Russell of the Franklin Technical Institute 
of l^oston, who contributed to the preparation and solution of th(' 
problems. 

The author is indebted also to the De})artment of Chemistry and 
Electriciity of the United States Militaiy Academy at West Point, 
formerly in charge of Col. C. L. Fenton and now^ in charge of C\d. B. 
W. Bartlett. The mem])ers of the instructing staff ha\'c contri})uted 
much useful material and have revhnved parts of the manuscript 
during its pre})aration. The names of Lt. Col. K. I. Ileinlein, Jr., 
Associate Professor of Electricity, Lt. Col. C\ R. Nichols, Assistant 
Professor of Electricity, and Tit. Col. L, E. Johnson, Assistant Professor 
of Electricity, should be mentioned pariicularly. 

Helpful suggestions were received from Professor C. V. O. Ter- 
wUliger of the United States Naval Academy and from Comdr. W. E. 
Creeden and Lt. E. P. Rivard of the United States Coast Guard 
Academy. 
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The author is indebted to Professor R. W. Ahlquist of Iowa State 
College, l^rofessor Harry Baiun of the College of the City of New 
York, Professor Paul C. Cromwell of New York University, Professor 
Segismundo Gerszonowioz of the University of Montevideo, Professor 
J. Hugo Johnson of the University of Idaho, Dean J. II. Lampe of 
North Carolina State ('ollege. Professor T. C. Seidell of the Georgia 
School of Teclmology, Professor F. N. Tompkins of Brown University, 
and Professor Gordon F. Tracy of the University of Wisconsin. 

Also, the assistance of the several manufacturers who contributed 
data and illustrations is acknowledged. 

The author must exjiress his deep appreciation and gratitude to 
Professor H. F. Clifford, Consulting Editor, formerly Dean of the 
Graduate School of Engin(‘('riug, Hanard University, for his valuable 
collaboration and assistance throughout the preparation of this 
revision. 

CHhSTLK L. Dam es. 

Camhridok, Miss, 

Dtambir, 194G. 




PREFACE TO THE FIRST EDITION 


This volume is intended for those who have such a knowledge 
of direct currents as is given by Volume I. It presupposes no Imowl- 
edge of alternating currents. The first two chapters are devoted to 
the development of the fundamental laws of alternating currents and 
alternating-current circuits. Subsequent chapters consider the appli¬ 
cation of these fundamental laws to alternating-current measurements, 
to polyphase circuits, to alternating-current machinery, and to power 
transmission. A chapter on illumination and photometry has been 
.ncluded, as a brief discussion of the underlying principles of light and 
of light measurements is important in a general course in electrical 
engineering. 

The development of the various alternating-current formulas and 
of the operation of various types of machinery, transmission lines, etc., 
are based on the fundamental laws of electricity and magnetism as set 
ortli in Volume I. Mathematical developments are occasionally 
introduced, as supplementary to the descriptive matter. As in 
"^olume 1, numerous illustrative problems and methods of making 
boratory tests are given throughout the text. 

This volume is intended to be elementary in character and to act 
s a stepping stone to the more advan(;ed texts of this series. In many 
ases rigorous and detailed analysis is not given, particularly in the 
hapter on alternating-curnuit measurements and in the discussion of 
3rtain types of alternating-cAirrent apparatus. A thorough analysis 
f these subjects is found in ‘^Electrical Measurements^’ by F. A. 
aws, and “Principles of Alternating-current Machinery” by R. R. 
wrence, both of which volumes are included in this series of Electrical 
igineering Texts. 

The author is indebted to various manufacturing companies for 
ir cooperation in supplying material and illustrations for the text; 
Professor R. R. Lawrence of the Massachusetts Institute of Tech- 
ogy, for his careful review of the manuscript and his many helpful 
ggestions given during its preparation; and particularly to Professor 
. E. Clifford of The Harvard Engineering School, for his helpful 
vice during the preparation of the manuscript and for the thorough 
mner in which he has edited the material contained in this volume, 

Chester L. Dawes. 

AMBRIDGE, MaSS., 

January^ 1922 . 
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A COURSE IN 

ELECTRICAL ENGINEERING 

VOLUME II 

ALTERNATING CURRENTS 

CHAPTER I 

ALTERNATING CURRENT AND VOLTAGE 

1. General Field of Use of Alternating Current. —At the present 
time over 90 per oent of the cleetiical energy list'd for commercial 
purposes is generated as alternating current. 'Phis is not due primarily 
to any superiority of alternating over direct current so far as appli¬ 
cability to industrial and domestic uses is concerned. In fact, there 
are many instances i\heie direct current is absolutely necessary for 
industrial purposes, such as municipal traction, electrolytic processes, 
and certain types of arc lamps; also, direct-current motors are superior 
for elevators, printing presses, and many variable-speed drives. How¬ 
ever, for these various purposes the energy is generated and trans¬ 
mitted almost always as alternating current and then converted to 
direct current. 

Some of the reasons for generating electri(‘al energy as alternating 
current are the following: 

Alternating current can be generated at comparatively high volt¬ 
ages, and these voltages can be raised and lowered rcv dily by means of 
static transformers. This permits the economical transmission of 
alternating-current energy over considerable distances by using high 
transmission voltages, since the v eight of transmission conductor 
varies inversely as the square of the transmission voltage, when the 
power, distance, and loss are fixed (Vol. I, Chap. XV), and high trans¬ 
mission voltages can be reduced efficiently at the receiving end of the 
transmission line. So far (194()) no practical method has been devised 
for raising and lowering direct-current voltage involving large amounts 
of power. Rotating commutators can be used to raise and lower the 
voltage, but both voltage and power are limited.^ There arc experi- 

^ Ai^xanderson, E. F. W and E. L. Phillipi, ^‘Electronic Power Converters, 
Their History and Development,” Gen. Elec. Rev.y September, 1944, p. 41. 
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mental lines in which high-voltage alternating current is rectified by 
vapor-type electronic rectifiers for transmission as direct current. 
At the receiving end of the transmission line the direct-current power 
is inverted by electronic inverters to alternating-current power for com¬ 
mercial uses (see Chap. XV). However, this system thus far has not 
been applied on a large scale. 

It is possible to build alternating-current generators in large units 
to run at high speeds so that the construction and operating costs per 
kilowatt are low, and such generators are admirably adapted to high¬ 
speed turbine dri\e. The largest alternators operating today (1946) 
have a rating of 200,000 kva.^ Owing to commutation difficulties, 
direct-current generators cannot be designed in large units, particularly 
for high speeds. At 1,000 rpm, it is difficult to design a direct-current 
generator having a rating of even 1,000 kw. On the other hand, alter¬ 
nators with ratings as high as 81,250 kva now (1946) operate at 3,600 
rpm, and a 100,000-kva 0.85-power-factor 3,600-rpm unit is under 
construction. 

For constant-speed work, the alternating-current induction motor 
is more efficient than the direct-current motor and is less in first cost 
and in maintenance, owing in part to the fact that the induction motor 
hac no commutator. It is occasionally desirable, therefore, to generate 
power as alternating current in order to be able to use induction 
motors. 

The high transmission efficiencies obtainable with alternating cur¬ 
rent make it economical to generate electrical energy in large quan¬ 
tities in a single station and to distribute it over a large territory. 
The large boilers, automatic stokers, superheaters, recording instru¬ 
ments, etc., that are possible in large stations result in high boiler- 
room efficiency. Large turbines have an economy which may be three 
or four times as good as that of the steam units in a small plant. The 
alternating-current generator in the larger sizes has an efficiency of 96 
to 98.5 per cent (see pp. 231,232). Then, again, as the boilers and large 
turbine units require few attendants per kilowatt, the labor and super¬ 
vision charges per kilowatt-hour are small. 

For these reasons, it is often more economical to generate electrical 
energy with large units, to transmit it long distances, and even to 
convert it into direct current rather than to generate direct current at 
the place where it is to be utilized. 

^ There are two 200,000-kva 0j8-power-factor 4-pole 60-cycle 1,800-rpm 16,600- 
volt single-shaft turbine alternators in operation at the Hudson Avenue Station 
of the Consolidated Edison Company, New York. They were manufactured by 
the General Electric Company. 
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It must be remembered, however, that the reduced generating costs 
are balanced in part at least by distribution costs resulting from 
investment charges in lines, cables, substations, machinery, etc., in 
addition to the labor and maintenance costs of the distribution system. 



Fig. 1.— Coil rotating in uniform field. 


Alternating current owes its importance to the fact that it can be 
generated economically with large units; its voltage can be readily 
raised and lowered, so that energy can be transmitted economically 
for considerable distances. Alternating-current motors for constant- 
speed work are usually preferable to direct-current motors. 

2. Sine Waves. —It is shown in Vol. 1, Chap. XI, that when a single 
coil rotates at constant speed in a uniform field, Fig. 1, an alternating 



(a) (6) 


Fio. 2.— Coil inducing bine-wave enif. 

emf is generated. The siiccessi^^e values of the emf may be represented 
by a smooth curve called a sine wave, Fig. 2(6), since the values of the 
emf are proportional to the sine of the angle x that the coil makes with 
a plane through its axis and perpendicular to the direction of the 
magnetic field. Fig. 1. This may be shown as follows: 

The emf induced in a single conductor that cuts a magnetic field 
(Vol. I, Chap. XI) is given by 

e == Blv • 10”* volts, (1) 

where B, Z, v are mutually perpendicular. However, when the 
conductor is in the position with respect to the flux shown in Fig. 
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2(a), the velocity v is not perpendicular to the direction of the flux. 
It may be resolved, however, into two compoin^iits, parallel to the 
direction of the flux and v' perpendicular to this direction. Since 
the component is parallel to the direction of the flux, it cannot cause 
an induced emf. llie component = r sin x, bein^ perpendicular to 
the flux, does produce an emf. Hence, fiom (1), the induced emf is 
given by 

e = Bh sin x * 10"^ volts, (2) 

where x is the angle through which the conductor has moved from 
position 1. Thus tlu' emf induced in such a conductor may be repre¬ 
sented by a sine wave. When the top of the coil, Fig. 2(a), is at 



T K. i. Sino-Wcive inducod (Miii 


position 1, the emf is zero; when at position 2, the emt is a positive^ 
maximum; when at jiosition 3, the emf is zero; when at position 4, 
the emf is a negative maximum, Fig. 2{h). When a jHu-iodic wave, such 
as a sine wave, has gone through one com])lete set of positive or of 
negative values, Figs. 2(b) and 3, it is said to have completed an 
alternation. Fig. 3. If it has gone through one complete set of positive 
and one complete set of negative values, it is said to have completed a 
cycle. 

The emf waves of some commenual alternators, particularly the 
older ones, may differ materially from a sine wave, but with most 
commercial alternatoi's the emf wave is sufficiently near to a sine wave 
to warrant its being treated as such. (For wave shapes in alternators, 
see Sec. 115, p. 179.) 

^Alternating-current theory and analysis arc based on sine (or 
cosine) waves of voltage, current, and power. This is due to the fact 
that the sine and cosine functions are simph' and accordingly are 
readily expressed mathematically. Also, sine and cosine waves of 
voltage and current are the only types of v aves that can pass through 
all types of linear circuits (that is, circuits whose parameters such as 
resistance and inductance do not change) without distortion. 
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If a periodic wave is not a sine wave, it may be resolved into a 
series of sine waves of fundamental and higher frequencies. Each 
one of these sinusoidal components, or harmonics^ then may be treated 
as a sine wave at its particular frequency (see Sec. 40, p. (57). Unless 
otherwise specified, the methods of analysis and the equations that 
follow apply to sine waves of voltage and current. 



The sine wave may ])e j)ro(lu(*ed graphically as follow’s: Draw’ a 
circle. Fig. 1, w'hose radius .1 is ecpiai to llie maximum value of the 
sine w’ave. Divide th(' circumferen(*e of this circle into any number of 
e((ual ])arth, m this case 12, and number them 1, 2, . 12. Draw’a 

horizontal line ab that, if (‘xtended, wimld pass through the center of 
the circle. Divide oh into the same miml^er of ecpial parts as there are 




Fig. 5.-—Numerical values of oiUniales of sine A\a\es for definite angles. 

on the circumfei-ence of the circle, and give the points corresponding 
numbers. h]re(‘t a perpendicidar ordinatt^ at each point. Project 
the points on the circle horizontally to intersect perpendiculars having 
corresponding numbers. A smooth curve drawn through the inter¬ 
sections will be a sine w’ave. 

The sine wave may also be plotted from a table of sines (Appen¬ 
dix E, p. 606). Mark a horizontal axis, Fig. 5(a), in degrees. At 
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each point erect an ordinate equal to the sine of the corresponding 
angle. Thus, at 30® the ordinate ab is 0.5; at 60® the ordinate cd is 
0.866; at 90® it is 1.0; etc. The wave passes through zero at 180®, 
because the sine of 180® is zero. When the angle becomes greater than 
180®, the sine becomes negative and the wave falls below the line, as 
the sine is negative between 180® and 360® (see p. 604). The above is 
equivalent to plotting the sine of the angle x, Fig. 2(a). 

If the wave has a maximum value B, Fig. 5(b), the value of the 
ordinate at any point may be found by multiplying B into the sine of 
the corresponding angle. That is, 

2/ = sin X, (3) 

where x is expressed in degrees. 

Example. —Find the ordinalca of a sine wave at pointb corrcbpondinR to 65° 
and 210°, the maximum ordinate being 40 units, Fig. 5(6). 

From p. 607, sin 65° = 0.906. 

40 • 0 906 = 36.24. Ans. 

sin 210° = -(sin 210° - 180°) = - sin 30° = -0.5 [(31), p. 604]. 

40 • (-0.5) - -20. Ans, 

These values are shown in Fig. 5(6). 

3. Cycle; Frequency.—When the conductor has completed 1 revo¬ 
lution, Fig. 2(a), it has gone through an angle of 360® or 27r radians. 
The emf wave then has gone through an angle of 360®, Fig. 2(b), or 
27r radians. Fig. 3. If the speed in revolutions per second (rps) is s, 
the frequency of the emf wave in cycles per second / is equal to s, since 
for each revolution the emf induced in the conductor goes through one 
complete set of positive and one complete set of negative values. If 
the conductor has been rotating for a time t sec from position 1, it will 
have gone through st revolutions, ov ft cycles. Hence, 

X = 27r5^ = 2Trjt radians, or 360f< deg. (I) 

Since at constant speed or frequency, 27r/ or 360/ is constant, alternat¬ 
ing-current waves may be plotted mth time as abscissas as well as with 
radians or degrees. 

If the angular velocity is oj (in radians per second), then from 

(I), 

w = 2ir/ radians per sec, (II) 

or 360/ deg per sec (III) 

since 2jrf is the radians per second through which the wave goes and 360/ 
is the degrees per second through which the wave goes. 

If the alternator is a multipolar machine, for example, 4 poles. 
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Fig. 6(a), as soon as the conductor a has passed a north and a south 
pole, that is, has gone from_ 1 to 5, the emf wave has completed 1 cycle, 
or 360 electrical time'degrees. Thus a cycle is completed every time 
the conductor passes one pair of poles. Therefore the frequency in 



(a) (6) 

Fici. 0.— Two cyflob por revolution in 4-pole alternator. 

cycles per second is equal to the number of pairs of poles passed per 
second. That is, 

f or / = ^ cycles per sec (4) 


where s == rps, S = revolutions per minute (rpm), and P = number of 
poles. Thus if the speed of a 2-pole alternator is GO rps, or 3,GOO rpm, 
the frequency is GO cycles per sec. 

The following table shows the relation of speed, frequency, and 
number of poles for a few typical cases. 


Speed, rpm 

60 cycles 

25 cycles 

3,600 

1,500 

1,800 

75P 

1,200 

500 

900 

375 

180 

75 


Example ,—A 60-cyclc engine-driven alternator has a speed of 120 rpm. How 
many poles has it? 

Using (4) and solving for P, 

p « IM = = 60 poles. An». 

This example may be solved also without using (4) directly. A 2-pole 60-cycle 
alternator rotates at 3,600 rpm. Therefore the alternator must have 

2 » 60 poles. Ana. 
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In practice, nearly all alternators have stationary armatures and 
rotating fields, and the above relations apply. 

When the conductor a has gone from 1 to 5, Fig. 6(a), that is, 
through 180 space degrees, the emf has gone through 360 electrical 
degrees. Fig. 6(6). When the coil has completed 1 revolution, it has 
gone through 360 space degrees and the emf has gone through 720 
electrical degrees. Fig. 6(6). With a 4-pole machine 1 space degree 
equals 2 electrical degrees. With 6 poles, 1 space degree equals 3 
electrical degrees, etc. 

4. Commercial Frequencies. —In the United States, frequencies 
are standardized at 60 cycles and at 25 cycles per sec, although other 
frequencies are used. In California, for example, and also in Mexico, 
50 cycles is used on some of the large transmission systems. In the 
early days of alternating-current development 133 cycles was common, 
but few if any plants now generate at this frecpiency. The principal 
advantage of higher frequencies is that transformers require less iron 
and copper and so are lighter and cheaper. The flicker of lamps is not 
perceptible at 60 cycles, but at 25 cycles it is evident. On the other 
hand, the voltage drop in transmission lines and in apparatus varies 
almost directly as the freciuency, so that better voltage regulation 
throughout the system is obtained with low freciuency. Power appa¬ 
ratus, such as induction motors, synchronous convertcTS, and alternat¬ 
ing-current commutator motors, operates better at low frequencies. 
With one or two exceptions, however, the operation is satisfactory at 
60 cycles per sec. A power and lighting company wcmld operate 
ordinarily at 60 cycles per vSec, because the flicker of lamps at 25 cycles 
per sec is objectionable and the transformers at this lower fi equency are 
heavier and more costly than they are at the higher frequency. On the 
other hand, an electric utility generating strictly for power purposes 
may use 25 cycles. This frequency is used by the New York, New 
Haven & Hartford Railroad for its electric locomotives; by the Norfolk 
and Western Railway for operating electric locomotives; and by the 
Boston Elevated Railway Company for transmitting high-voltage 
power to its direct-current substations. In Europe, frequencies as 
low as 16%, 15, and even 12% cycles per sec are common. 

6. Equation of Sine Wave of Current. —If 2k ft [Eq. (I), p. 6] is 
substituted in Eq. (3) or if w = 27r/ [Eq. (II)] is used, the equation of a 
sine wave of alternating current may be written 

i = Im bin 2Kft = Im bin cotj (5) 

where i is the value of the current at any time is the maximum 
value of the current, and co = 27r/. The quantity w is equal to 2ir times 
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the frequency / and is the angular velocity in radians per second of the 
rotating vector that may be used to construct the sine wave (Appendix, 

p. 601). 

For example, if the vector A, Fig. 4, be considered as rotating in a 
counterclockwise direction and taking successive positions 1, 2, 3, etc., 
it will produce 1 cycle for each revolution. In each revolution, it goes 
an angular distance of 2ir radians. If it rotates 60 times a second, its 
angular velocity is 27r60, or 377, radians per sec. The sine wave pro¬ 
duced from this rotating vector has a frequency of GO cycles per sec. 
Hence, for a 60-cycle wave, w = 377. For .a 25-cycle wave, w = 2x25, 
or 157, radians per sec. 

Similarly the equation of a sine wave of emf will be given by 

e = Em sin (at [see (Ga), p. IG]. (6) 

Example. —What is tho equation of a 25«cyele-(*\irront sine wave, having an 
rms value of 30 amp, and what is the value of the current when the time is 0.005 
sec? Assume^ that the wave crosses the time axis in a positive direction when 
the time is equal to zero. 

tm = 30 \/2 « 42.4 amp. 

27r25 = 157 = CO. 

i = 42.t sin 157/. Ans. 
i == 42.4 sin 157 • 0.005 
= 12.4 sin 0.785 radian 
2ir = 0.28 radians = 300° (p. (>). 

(0.785/0.28) • 300° = 45°. Also, as the wave completes 300° in or 0.04 sec, 
in 0.005 sec, it will have completed 0.005/0.040 = cycle. 

= 45° (check). 

O 

z' = 42.4 sin 45° = 42.4 • 0.707 - 30 amp. Ans. 

6 . Alternating-current Ampere.—Figure 7(a) bhows an alter¬ 
nating-current sine wave, having a maximum value of 1.414 amp. 
At first thought it might seem that the \ alue in amperes of such a 
wave should be based on the average value. If the wave is considered 
over one complete cycle, the average value is zero, as there is just as 
much negative as positive current. A direct-current ammeter, if con¬ 
nected to measure this current, would indicate zero, as such an instru¬ 
ment measures average values. 

The value of an alternating current is based not on its average value 
but on its heating effect and may be defined as follows: 

An oUtemating^current ampere is that current which^ flowing through 
a given ohmic resistance^ will produce heat at the same rate as a direct-^ur- 
rent ampere. 
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Assume that a resistance unit is immersed in a calorimeter and that 
when a direct-current ampere is sent through this resistance the tem¬ 
perature of the water is raised 20° in 10 min. An alternating-current 
ampere^ if sent through this same resistance unit, will raise the tem¬ 
perature of the water by the same amount in the same time, other 
conditions such as radiation, for example, being the same; that is, both 
currents produce heat at the same rate. 

The heating effect varies as the square of the current, that is, at any 
instant it is proportional to 




Fio. 7.—Maximum and rrns valuoh of .sim'-wavo alt(‘tnating current. 

Figure 7(6) shows the current wave of Fig. 7(a), together with its 
squared values. That is, each ordinate of the i wave is squared, and 
these values are plotted to give the wave sho™. The maximum 
value of this new wave will be 2.0 (= 1.414-), since the maximum value 
of the original current wave is 1.414, or V^* The squared wave also 
lies entirely above the zero axis, because the square of a negative value 
is positive. 

This squared wave has a frequency twice that of the original wave 
(Sec. 7) and has its horizontal axis of symmetry ah at a distance of 1.0 
unit above the zero axis, as shown in Fig. 7(6). 

The ordinate of the wave. Fig. 7(6), when multiplied by the 
resistance gives the instantaneous power. However, in practice, the 
average power, rather than the instantaneous power, is usually desired. 
The average value of power will be equal to the average value of the 
wave multiplied by the resistance. The average value of this 
squared wave is 1.0 amp, as shown hy the dashed line a6, because the 
areas above the dashed line will just fit into the shaded valleys below 
the dashed line. If, therefore, an eqxiivalent rectangle were made from 
this wave, its height would be 1.0 unit. This value, 1.0, is the average 






ALTERNATING CURRENT AND VOLTAGE 


11 


of the squares of the current wave. Average heating varies as the 
average of the squares of the current. The squared current represented 
by the dashed line, therefore, is equivalent to the square of a direct 
current that would produce the same heating effect as this alternating 
current. 

Hence, to obtain in amperes the value of the current given by the 
wave of Fig. 7, the square root of the average square must be taken. 
That is, / (in amperes) = \/l.O = 1.0 amp. This value of the current 
is called the root-mean-square (rms) or effective value of the current. 

An altemating-current-ampere sine wave, which produces heat at 
the same rate as a direct-current ampere, has therefore a maximum 
value of 1.414 (= \/2) amp. In fact, for any sine-wave current, the 
ratio of maximum to rms value is equal to \/2j 1.414. The ratio of 

rms to maximum value is 1/1.414 = 0.707. 

To obtain the rms value of any current wave, not necessarily a sine 
wave: 

a. Plot a wave whose ordinates are equal to the squares of the 
ordinates of the given current wave. 

b. Find the average value of this squared wave by obtaining the 
area of its loops, as with a planimeter, and dividing this area by the base. 

c. Find the scpiare root of the average in (6). 

The same result may be obtained by erecting equidistant ordinates 
on the original wave. Tliis divides the area under the wave into small 
areas having equal bases. The ordinates at the centers of these small 
areas are measured, their squares are averaged, and the square root of 
this average then is obtained. This will give the rms value of the 
wave. The rms value may also be found by integration (Sec. 7). 

7. Current-squared Wave; Average Current. —Let the equation 
of a current wave be 

i = I„, sin ojf. (I) 

Let it be required to find the equation of the current-squared wave. 

= II sin* wt. (II) 

cos (a; -h 2 /) = cos x cos y — sin x sin y [(38), p. 605]. 

Letting x — y 


cos (cot + u)t) — cos u)i cos tot — sin cot sin w/, 



cos 2cot — cos* cot — sin* cotj 

(HI) 


cos* coi == 1 — sm* cot [(34), p. 605]. 

(IV) 

From (III) and (IV), 

cos 2w/ = 1—2 sin* cot. 

(V) 

Hence, 

. „ , 1 — cos 2cot 

(VI) 


sin* cot =-^-- 
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Hence, from (II) and (VI), 

i* =* 7* sin® <at 


1 — cos 2oj< 


This is a cosine wave having a frequency 2/, where / is the frequency of the 
current given by / — w/2ir. When t = 0, 7® = 0; when t == ir1 = tt/Stt/ = 1/8/, 
I'i r= 7^/2, Fig. 8. i® is a maximum when 2oii = tt radians = 180®. The cor¬ 
responding value of time, 

Under these conditions, It follows that the axis of the cur¬ 

rent-squared wave is at a distance 1^/2 above the axis of reference. 



Fi(i. 8,—Current and ciirreiit-squarod sine waves. 

From (7) the rma value is determined readily. 

The area of the differential strip at time f, Fig. 8, is 7® cK, and the total area 
fT 

under the t® wave is / z® dt, 

Jo 

The average of the z® wave is its area divided by its base, the time T being 
chosen as the time of one cycle. That is. 

Average i* = ~ dl = ^ 7J. sin* dt. (VII) 


Substituting (VI) in (VII) and taking the square root. 


(1 — cos 2<at) dt 


^ /1 f T ,2 1 — cos 2ajt _ \l _o j 

'T' Jo ^ ^ ^27’ Jo ^ cos2wt)d 

i - (0 - 0)1 


since sin 2o)t =■ 0 when ^ = 0, and when t = T. 


I = VS[r] -- 


Q.E.D. 


( 8 ) 
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It is frequently desirable to know the average value of a sine wave for 
one half-cycle. This average value has limited uses—rectifier-type 
instruments (p. 105), electroplating, battery charging, where the 
results are proportional to the number of coulombs flowing in the 
circuit rather than to the power, being typical applications. Under these 
conditions the a-c wave must be rectified (Chap. XV). The average 
value, which is applicable to full-sine-wave rectification, Fig. 9(a), is 
equal to 2/7r, or 0.637 times the maximum value. This may be proved 
as follows: 



Fig. 9. Maxiinurn, mis, and average* values of sine wave. 


The equation of the first positive half-cy(‘le of the current wave, Fig. 9(o), is 
1 = /m sin o)i where t varies between 0 and T/2 and the area of a differential strip 

J r T/2 

' i (it. and the average 

0 

value is given by this ar(*a divided by the base T/2. Hence, 


1 f t/2 

T/2h 

1 1 , 11 '^/-; 27„ I rr\ , 

T/2[-o: “Ml.. = 2^/7' [ - - (^2 ; + 

l-(-J) + (H] = ^ = 0.637/, 

TrfJ TT 

j^cos ~ cos IT = ( —l);/r == 1, since T 



(9) 


The ratio of rms to average value is then 0.707/0.637 == 1.11, and the 
ratio of average to rms value is 0.9. The ratio of rms to average value 
enters into computations of induced emfs in alternators, transformers, 
and other types of alternating-current machinery. 

The ratio of rms to average value is called the form factor of the 
wave. The form factor of a sine wave is 1.11. The maximum, rms, 
and average values for a sine wave of voltage whose rms value is ^00 
volts are shown in Fig. 9(6). 

The average values of voltages and currents should not be used in com-- 
puting power. 
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8. Scalars and Vectors. —Quantities, in general, are divided into 
two classes, scalars and vectors. 

A scalar is a quantity that is completely determined by its magni¬ 
tude alone. Examples of scalar quantities are energy, gallons, mass, 
temperature, etc. Such quantities are added algebraically. For 
example, 2 gal of water plus 5 gal of water equals 7 gal of water. 



(a) Sum of Two Vectors (6) Sum of Two Vectors 

by Parallelogram Mctho<l by Tnangle Method 



(e) Sum and Difference of I wo Vectors 
Fig, 10.—Sum and diffeience of two vedois. 


A vector has direction as well as magnitude. A common example 
of a vector is force. When a force is under consideration, not only its 
magnitude but its direction as well must be considered. When two or 
more forces are added, they are not necessarily added algebraically but 
must be combined in such a way as to take into consideration their 
directions as well as their magnitudes. 

Figure 10(a) shows two forces acting at the point O and repre¬ 
sented by the vectors Fi and F 2 . The length of each of these vectors, 
to scale, is equal to the magnitude of the force that it represents. The 
direction of each of these vectors shows the direction in which the force 
acts. ^ is the angle between F\ and F 2 . Their sum Fo, or the single 
force that would have the same effect at their point of application 0 as 
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F\ and acting in conjunction, is called their resultant Fo is one 
diagonal of the parallelogram having Fi and F 2 as adjacent sides. 

Figure 10(6) shows a triangle having Fi and F 2 as two of its sides, 
Fi and Fz being parallel to and acting in the same directions as Fi and 
F 2 of Fig. 10(a). The exterior angle between Fi and F 2 in Fig. 10(6) is, 
therefore, equal to fi. The third side of the triangle Fo is equal in 
magnitude to and in the same direction as Fo of Fig 10(a). The result¬ 
ant of two vectors, therefore, may be found by means of a triangle 
properly constructed, of which two sides are the two component vectors 
and the third side is their sum. Such a triangle is called a triangle of 
vectors or a vector polygon. It is usually simpler to use the vector 
polygon rather than the parallelo¬ 
gram of vectors. 

To subtract one vector from an¬ 
other, reverse !he first vector and 
add it vectorially to the second 
vector. For example, in Fig. 10(c), 
it is desired to subtract F 2 from Fi. 

F 2 is reversed, giving —F 2 . F,', the 

vector sum of Fi and —F 2 , found 
by completing the parallc'logram, 
is equal to Fi — F 2 . Vectors may l)e subtracted by the triangle 
method, as shown in Fig. 10(r0. The vector Fq, connecting the ends 
of the two vectors Fi and F 2 whose difference is desired, is their vector 
difference. 

If a parallelogram. Fig. 10(c), having vectors Fi and F 2 as adjacent 
sides, be completed, one diagonal Fo of the parallelogram is the vector 
fifim of Fi and F 2 . The other diagonal Fq of the parallelogram is the 
vector difference of Fi and F 2 . 

A vector is often indicated by placing a dot under its symbol. 
For example, in Figs. 10(a) and 10(6), 

Fo = Fi + f 2 

shows that Fo is the vector sum of Fi and F 2 and not their algebraic sum. 

When more than two vectors are added, the resultant of two is 
first found, and this resultant is combined with a third vector, etc. 
This is illustrated in Fig. 11, in which three vectors Fi, F 2 , F 3 , are added. 

Fi and F 2 are first combined, and their resultant F' is found. Then 
F' is combined with F 3 , giving Fo as the sum of all three vectors, 
^ 1 , F 2 , Fs. That is, 

Fo = Fi + F 2 + Fs. (10) 

F^ is an intermediate vector and does not appear in the ultimate result. 
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9. Ohm; Volt. —If a resistance of 1 ohm, as measured with direct 
current, has no inductance or capacitance and is so designed that 
alternating current in flowing through it docs not produce any second¬ 
ary effects, such as eddy currents or skin effect, it offers a resistance 
of 1 ohm to alternating current. 

When an alternating-current ampere flows through such a resist¬ 
ance, the drop across its terminals is equal to 1 alternating-current volL 

If the current in a pure resistance R be given by i = Im sin <atj the voltage across 
the resistance is given by 

e ^ iR — ImR sin cat = Em sin cat. (6a) 

This is similar to (6), p. 9 and is a sine function like Eq. (5) (p. 8) for current. 

Hence, the relation between maximvm and rms volts is the same 
as the relation between maximum and rms amperes. For a sine wave, 
the maximum voltage is or 1.414, times the rms voltage. 




Fig. 12.— Pha.so iclatioiit, of alternating eurreiitb. 

10. Phase Relations. —The current and voltage in the ordinary 
alternating-current system have the same fundamental frequency 
under normal operating conditions, although they do not ne(;essarily 
pass through their corresponding zero values at the same instant of 
time. Figure 12(a) shows tw'o sine-wave currents, one having the 
rms value of 8 and the other of 12 amp. Their maximum values are, 
accordingly, 8 \/2, or 11.3, amp and 12 \/2, or 17.0, amp. Both cur¬ 
rents go through zero, increasing positively, at the same instant and, 
therefore, are said to be in phase with ea(*h other. 

Figure 12(6) shows two sine-wave currents having rms values of 8 
and 12 amp, but not passing through zero at the same instant. The 
8-amp current passes through zero, increasing positively, later than 
does the 12-amp current. It must be remembered that time is increas¬ 
ing from left to right. If the 12-amp current is passing through its 
zero value at 2.(X) o’clock, the 8-amp current is passing through its 
corresponding zero value some time later, for any value of time to the 
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right of 2.00 is later than 2.00 o^clock. The 8-amp current, therefore, 
lags the 12-amp current. 

The time of lag shown in Fig. 12(6) corresponds to 00° and is repre¬ 
sented by the angle 0. The 8-amp current, therefore, lags the 12-amp 
current by an angle or by 60°. Or the /-i 2 Ami 

12-amp current leads the 8-amp current by -^ 

an angle 6, or by 60°. If, the freciuency is 

60 cycles, the time corresponding to 60° is _ 

(^%6o)(Jgo), or ^360 Hence in time /^—aAmp 

the 8-amp current lags the 12-amp current " Alternating currents 

1 -I y ' mooting at junction. 

hy Heo sec. 

In Fig. 12(a), the two currents arc in phase. In Fig. 12(6), the 
two currents have a phase difference of 60°. 

These phase differeiKies may exist between currents and voltages, 
between two or more voltages, or between two or more currents. 




11, Addition of Currents.—Figure 13 shows two currents, having 
rms values of 8 and 12 amp uniting to flow in a common wire. If these 
two currents were direct currents, then, by Kirchhoff's first law (Vol. I, 
Chap. Ill), the current h could have only two possible numerical 
values, 12 •+• 8 = 20 amp, if the two currents flow in the same direc¬ 
tion, and 12 — 8 = 4 amp, if they flow in opposite directions. 

If the two currents, Fig. 13, are alternating, their sum h may be 
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equal numerically to any value from 20 amp to 4 amp, depending on 
the phase relation existing between h and 12 . 

Figure 14 shows these two currents plotted in phase. Their sum 13 
is found by adding their ordinates at each instant. The resulting cur¬ 
rent obtained in this manner will be a sine wave and will have a maxi¬ 
mum value of 28.28 amp corresponding to an rms value of 


28.28 

V2 


20 amp. 


That is, when two currents are in phase, their sum is found 
arithmetically. 

Figure 17 (p. 20) corresponds to the condition of Fig. 12(?;), where 
the two currents differ in phase by 60°. Their sum is found in the same 



J 1C.. 15. —Iiistaiitjint‘ous miIuos of ruiieiit fioiu jolalmg ladius-vec toi. 


manner as in Fig. 14 by adding the two, point by point, and obtaining 
the resulting current 1 3 , The resultant 1 3 will not have a maximum 
value of 28.28 amp as it did when the currents were in phase, but its 
maximum value will be less, actually being 24.7 amp. Thm corre¬ 
sponds to a rms value of 17.45 amp for the sum of the two, rather than 
of 20 amp as before. Therefore, the sum of any number of alternating 
currents or voltages depends on their phase relations as well as on their 
magnitudes. 

If voltages rather than currents be added, it follows that their 
sum depends on their phase relations as well as on their magnitudes. 

12. Vector Representation of Alternating Quantities. —It is shown 
in Fig. 4 (p. 5) that a sine wave can be drawn by projecting a rotating 
radius, in its successive positions, to meet corresponding equally 
spaced ordinates. The value of the current or voltage may be found 
at any instant by projecting the radius upon a vertical line. 

This is illustrated in Fig. 15. A current has a maximum value 
Jm. This value Im, is laid off as a radius, and this radius rotates at a 
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speed in rps equal to the frequency of the current. The angular 
velocity will be co radians per sec, where w = For example, if 
the current has a frequency of 60 cycles, the radius 7m must make 60 
complete rps or 27r60 = 377 radians per sec, in a counterclockwise 
direction. Counterclockwise rotation has been adopted intemailon- 
ally as the positive direction of rotation. 

When the radius 7m is at the right-hand horizontal position, the 
value of the current is zero. When 7m has advanced 30®, the point h 
on the current wave has been reached. The value of the current at 
this instant is a6, or, which is the same thing, the current value is 
given by the distance a'6', the projection of the rotating radirs 7m on 
the vertical axis. At this particular instant, the distance 

ab - a'6' = /m/2, 

since sin 30® = 0.5. 

Consider two currents 7im and 7 2 m, Fig. 10, having rms values of 
12.0 and 8.0 amp. The curient 72m, whose maximum value is 11.3 



10.— C'urieiit wavea piodiu'cd t^^(> cuiioiit ladiua-vocloifc, differing m phase 

b.> 00°. 

amp, lags current 7im, whose maximum value is 17.0 amp, by 60®. 
When the radius 7im in the horizontal position, the value of 7im is 
zero at this instant. At this same instant, the radius 1 2 m not have 

reached its horizontal position, the value of the curi'ent being repre¬ 
sented by cd. In fact, the radius hm does not reach its horizontal 
or zero position, corresponding to point e on its current wave, until 
7im has advanced 60® beyond the horizontal. Further, the horizontal 
distance ce is 60®, the same as the phase angle between the two rotating 
radius vectors. 

These two current waves, therefore, can be constructed in their 
proper phase relation by means of two rotating radii, or radius vectors, 
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having lengths of 17.0 and 11.3 amp, having equal angular velocities, 
and differing in phase by GO®. 

13. Vector Addition of Sine Waves. —Assume that it is desired to 
add the two currents of Fig. 10. This may be done by adding the 
ordinates of the two curves at each point. Fig. 17, and plotting a new 
curve Is. This new curve is the sum of the Uvo currents Avhose maxi¬ 
mum values are 17.0 and 11.3 amp and rms values 12 and 8 amp. 



Fig. 17.—Relation of vector addition of vectors to scalar addition of ordinates. 

and whose phase difference is GO®. The maximum value of this result¬ 
ant, if measured accurately, is 24.7 amp. This corresponds to an rms 
value of 17.45 amp. The sum, tlierefore, of two sint^-wave alternating 
currents having rms values of 12 and 8 amp, and differing in phase by 
60®, is 17.45 rms amp. 

If the rotating vectors, Fig. 17, be added vectorially by completing 
the parallelogram, a third vector results. This vector I^m is found 
to be 24.7 amp, the value of the maximum of the resultant current 
wave Is as just found. If a sine wave be plotted using Ism as the rotat¬ 
ing vector, projecting horizontally as before, it will coincide with Is 
as obtained by the addition of the ordinates for the 12- and 8-amp 
(rms) waves. The angle 6 liy which the radius ve(*tor hm leads Jsrn 
equals the angle 0 by which the current wave h leads the current 
wave Is- 

Hence, this problem can be solved without going through the 
somewhat lengthy process of plotting the waves and adding their 
ordinates. It is necessary merely to lay off th(' maximum values of 
the waves 60® apart and add them vectorially, just as forces are com¬ 
bined. The resulting vector will be the maximum value of the wave 
as obtained also by adding the waves of Ji and I 2 - 

In practice, one generally has to do with rms rather than maximum 
values. If the rms values of the waves be added in this same manner, 
their vector sum is the sum of the two alternating currents in rms 
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amperes. This is illustrated in Fig. 18, where the 12- and 8-amp 
vectors are laid off 60® apart, the 12-amp vector leading. By com¬ 
pleting the parallelogram, the resultant current Oc is obtained. This 
has a value of 17.45 amp. Its value is readily found as follows: 

Project ac upon Ob, where ac = 8. 


ab = ac cos 60® = 4.00. 
be = ac sin GO® = 6.93. 

Oc = \/(12 + 4.00)’ + (().93)2 = 17.45 amp. Ans. 





The angle 6 can be readily de¬ 
termined. 

6 9.3 

tan e = 32 ^ ^ = 0.433. 

0 = 23 . 1 ®. 

Example .—lOach of two allcTnator ooils 
Oa and Oh, Fig. 19(<0> is gonoiating an 
onif of IGO volta. These \ oltages diffei in 
phase by 90°. Determine the voltage across their opem ends if they are connected 
together at O as shown. 

Let Eoa and A'o?, Fig 19(h), represent the voltages acioss coils Oa and Oh, Let 
the voltage across the open ends a and h Ik* denot(‘d by Eai. '^I'o obtain the voltage 
Eah, it is necessary to use Eao, displacial JH0° from Eon (Chap. V). Then, vectori- 
allv, fjoh = Eao H- Combining Eao and Eoi \ectorially, the voltage Eah is 


J lO. 


-\octoi adilition of cuiic'nts, 
using i ms values. 



Pig. 19. \ edoi addition of two e(|ual voltages haMiig 90“ phase difference. 


obtained. As Eao and E„h are at right angles, their resultant, which is the hypot- 
tMiuse of a right triangle, is 


E„, = + A’i = Vl(>0i + IGO^ 226 volts. Ans. 

It mud be kept condantly in mind that alternating voltages and cur¬ 
rents 7nust be combined veetorially. 

The only occasions vhen aiithmctical addition is permissible are 
when the voltages or the currents are in j)hase. 

14. Addition of Sine Waves. —Although the resultant of two or 
more sine Waves may be found by the use of vectors, by the method 
described in Sec. 13, it is often useful to combine sine waves directly. 







22 


ALTERNATING CURRENTS 


FinA consider the addition of a sine and a cosine wave or of two sine 
waves differing in phase by 90®. I^et the waves be given by A sin x 
and B cos x, Fig. 20. Their sum, found by adding the ordinates of the 
two waves, is given by C sin (x + B) having a maximum value C, 
and the phase with respect to the F-axis of reference is B^, In order to 



Fig. 20.—Addition of sine and rosine waves. 

determine the resultant wave the parameters C and B may be deter¬ 
mined as follows: 

A sin X B cos x — C sin (x 0). (I) 

Expanding the right-hand side of the equation by C30) p. (>0.5, 

A sin a* 4- ^ ^*os x ^ C sin x cos 0 C cos x sin 0. (IT) 

Equating the coefficients of sin x and of cos x on the two sides of the equation, 

A - C cos 0; (Ill) 

B = C sin 0. (IV) 

Squaring (III) and (IV) and adding, 

A2 4 =* C2(cos2 0 4 sin2 0) (V) 
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Waves Differing in Phase hy Angles Other Than 90®,—If waves 
differ in phase by angles other than 90®, their sum may be found by 
means of (11), it being necessary first to apply the equation in reverse. 

Example, —^Two 25-cycle emfs differing in phase by 60® are given by 
Cl « 120 sin (u)t — 30®) and cz — 100 sin {wi — 90®), 
where w = 27r25, Fig. 21. 



Fio. 21. -Addition of sine wave^ differing in phase by 00®. 


Determine their sum ( u 

e, = 120 sin U - 30®) + 1(X) sin {u>t - 90®). (I) 


Expanding (I) [(37), p. 605], 

€i -= 120 (sin wt cos 30® - cos a?/ sir 30®) + 100 (sin wf cos 90° - cos cat sin 90®), (TI) 


cos 30® = 0.866; sin 30® =0 5; cos 90® = 0; sin 90® = 1, 

f 3 =s= 104 sin tot — 60 cos tui 0 — 100 cos at 
= 104 sin at — 160 cos at. 

Using (11), 

e, = V104M-T60* sin + tan"* ■^^^^) 
= 191 sin (o>< - 57.0°), 


(III) 

(IV) 


-57.0° = tan"* (-160/104) = tan'i (- 1.538). Since the numerator is negative 
and the denominator positive, 6 must bo negative and in the fourth quadrant 
(see p. 603). The angle between the 120-volt wave cj and the resultant wave e, is 
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ALTERNATING-CURRENT CIRCUITS 


16. Alternating-current Power; Voltage and Current in Phase.-- 

The power in a direct-current circuit under steady conditions is given 
the product of the volts across the circuit and the current m 
amperes in the circuit. This same rule applies to alternating- 
current circuits, provided that instantaiieo^is values of volts and 
amperes are considered. The product of volts and amperes at any 
instant does give the instantaneous power in watts. The average 



2800 

2400 

2000 




'powerj however, is not necessarily given by the product of the rms 
volts and rms amperes, the values of which are ordinarily determined 
with instruments. 

Figure 22 shows a voltage wave e and a curnmt wavci in phase. 
This condition occurs when there is only resistance in the circuit. Thus, 
in Sec. 9 (p. 16) it is shown that the relation between instantaneous 
voltage and current is e = iR. That is, the voltage at aily instant is 
equal to the current at that instant times a constant, so that the voltage 
wave must be in phase with the current wave. 

?4 
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The voltage has an rms value of E volts and the current an rms 
value of I amp; hence their maximum values are Em == \/2Ea,nd 
Im = \/2 7. To obtain the instantaneous power p, the amperes and 
volts at the particular instant are multiplied together. Hence the 
ordinates, obtained by multiplying together instantaneous values of 
e and t, give a power curve p. The curve p gives the power in the 
circuit at any instant. The ordinates of this power curve will always 
be positive when e and ^ arc in phase. During the entire first half¬ 
cycle the voltage and current are both positive. During the entire 
second half-cycle the voltage and current are both negative, and the 
product of two negative quantities is positive. Quite apart frc m this 
mathematical reason, it is true that the sign of the power does not 
change if both current and voltage are reversed. For example, if a 
direct-current voltage impressed across a resistance be reversed, the 
current also reverses. The power dissipated in the resistance does not 
change, for it is well knovm that the power dissipated in a constant 
resistance with fixed voltage is conslant, irrespective of the polarity. 
That is, the power is positive so long as the voltage and current act 
in the s<ame direction. 

Under the conditions shown in Fig. 22 the current and the voltage 
act in conjunction throughout the cycle, and the ordinates of the power 
curve are always positive. 

It vill be not(Hl that this jiower curve is a sine wave having double 
the freciuency of either the voltage^ or the current. In fact, this power 
wave is identical in character with the current-squared waves of 
Figs. 7 (b) and 8. 

Its equation is 

p = {Em sin o)t){Im sin cot) 

= {\^'2 E sin (j}t){\'2 I sin wi) = 2KI sin^ t 

= 2E1 Eq. (VI), p. 11 ], ( 12 ) 

For every cycle of eithei* voltage or current, the power wave touches 
the zero axis twice, so that in siuii a circuit the power is zero twice 
during each cycle. Since the maximum values of the voltage and cur¬ 
rent w'aves occur at the same instant, the corresponding maximum 
value of the power curve is 

(a/2 7J)(V2/) - 2 EI, 

where E and I are the rms values of voltage and current. 

In Fig. 22 the maximum value Pm of the power curve occurs when 
cos 2o>t in (12) equals — 1 so that 2ajf = tt and =* 7r/2, or 90°. The 
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maximum value Em of the voltage is 180 volts, and the maximum value 
Im-of the current is 15 amp, so that the maximum value of the power is 
180 • 15 = 2,700 watts. 

Even though the power may vary over wide limits during the cycle, 
its effect will be determined usually by its average value. That is, 
the energy over a complete cycle is equal to the average power (or 
average ordinate of the power curv(0 multiplied by the time required 
to complete a cycle. The average power is determined as follows: 

The horizontal axis of symmetry of tlu' powder curve is at a distance 
EmIm/2 = El above the zero axis. Fig. 22. Consequently, El = P 



must be the average value of the power, since areas A , 7?, C of the upper 
half-waves will just fill the corresponding areas A \ C' in the valleys 
below the axis of symmetry P of the power curve. Hence, when the 
current and the voltage are in phasey the average power is their product, 
just as with direct currents. 


Example. —An incandescent-lamp load takes 30 amp from llS-volt 60-cycl(‘ 
mains. (In this type of load, the current and voltajeie are substantially in phase.) 
Determine (a) maximum value of power curve; (b) average power P. 

(а) • 115 • V2 • 30 = 2 • 115 • 30 = 6,900 watts. Ans. 

(б) P « = 115 • 30 = 3,450 watts. Ans. 

16. Alternating-current Power; Voltage and Current in Quadra¬ 
ture. —Figure 23 shows the voltage wave e and the current wave i 
90® out of phase, or in quadrature, the voltage w'ave leading. Let it be 
required to determine the power curve for this condition. At points 
o, by Cy dy By eithor the voltage or the current is zero, and the power 
therefore must be zero at each of these points. Between a and b the 
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voltage is positive, and the current is negative. The product of a 
positive and a negative quantity is negative. Also, the voltage and 
the current are acting in opposition. Hence the power between points 
a and h must be negative. This means that the circuit is giving j uwer 
to the source of supply. Between points b and c both voltage and 
current are positive and, therefore, are acting in conjunction. Hence 
the power between these two points must be positive. Between c 
and d the current is positive, but the voltage is negative. The power is 
again negative, therefore, b('tween these two points. Between d 
and e both the current and the voltage are negative, and the power is 
positive. 

The resulting power curve p is a sine wave having double" the 
frequency of eith(‘r the voltage or the cunent Its axis of symmetry 
coincides with the axis of voltage'and current. Hence, there must be as 
much of the pow or curve above thezero axis as there is below that axis, or 
the positive energy above the axis must be equnl to the negative energy 
below the axis. That is, all the positive energy r(H*eived from the source 
of supply is returned to that souicc. The net power (and energy also), 
therefore, is zero. When voltage and current differ in phase by 90*^, 
or are in quadrature, th(' average power is zero. If the current leads 
the voltage by 90®, the average power is zero, as is shown in Fig. 34 
(p. 38). 

In Fig. 23, the equations of the voltage and current waves are 
Em sin (i)t and Im sin {wt — 90®) or —cos co/ so that the equation of the 
power curve 

p = —E„Jn, sin o)t cos o)t. 

But since sin 2x = 2 sin x cos x [(42), p. 603] 

p = - sin 2wL (13) 

Thus, Fig. 23, E„, = 180 volts, und /„ = 15 amp, so that the 
maximum value Pm of the power curve p is (180 • 15)/2 = 1,350 watts. 

17. Alternating-current Power; Voltage and Current Differ in 
Phase by Angle 6. —If voltage and current tlilTer in phase by an angle d 
that lies l)etween -|-90° and —90° and is greater than 0, which occurs 
with resistance together with inductance or capiu*itance in the circuit 
(Secs. 21 and 23), the average power is neither El nor zero but is given 
by 

P = El cos $. (14) 

In Fig. 24, the current wave i lags the voltage wave e by an angle $. 
The power curve p is obtained by multiplying the ordinates of the two 
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waves at each instant. At points a, 6, r, e, either the voltage or the 
current is zero, and the power is zero at each of these points. Between 
a and fc, and between c and d, the current and voltage are in opposition, 
and the power is negative. BetAV’een b and c and between d and e, 
they are in conjunction and the power is positive. It will be noted 
that the positive areas A A under the power curve are greater than 
the negative areas BB shown shaded. Therefore the average power P 
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is positive, and its value is obtained by di\ iding the net area iindcu- tlie 
power curve l)y its base. 

The power curve 

p = {Em sin coOUm sin {cot — 0)\, 



Jig. 24. -Powei cuive; current liiKs voltaj?e l)\ iiiikIc 


which on expanding becomes 

p = E„J,n (sin® cot cos d — sin cot cos cot sin 6) 

= [(1 — cos 2o)t) eob e — sin 2cot sin e\. 

The average power 


p ^ f ^ 'n /If ^ r 

Em 


t COS 0 

In 


sm 2wt ^ , cos 2co< 

■ —^— cos ^ o sm 0 

Zco J!tco 


ii: 


p = T cos e = cos 0 = El cos 6. Q.K.I). 

2-/ V2 V2 


(sin 2o3t ®= 0 when ^ = 0 and t — T] cos 2cot = 1 when / = 0 and t = T) 

COS 6 is the 'power factor of the circuit. P is the true watts and El 
the apparent watts, or volt-amperes (va). 

The power factor 
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The power factor never can be greater than unity. It should be noted 
that, when B is zero (current and voltage in phase), (14) reduces to 
p = ^/ • 1 = as shown in Sec. 16. (This is always the case* with 
resistance only in the circuit.) When B is 90° (cur¬ 
rent and voltage in quadrature), (14) becomes ^ ^ 

P = El • 0 == 0 as shown in Sec. IG. f 

18. Circuit with Resistance Only. —Figure 25 j 
shows an alternating-current circuit containing re- E 
sistance only in which is a current ! 

I 

i = Ifn sin o)/, ' ‘ 



where co is the angular velocit y of the rotating vector 25.— Gir¬ 

in radians per second [see Sec. (5), p. 8]. As one 
revolution of the rotating vo(‘tor corresponds to 27 r 
radians, the vect,or must complete 2wf radians per sec, where / is the 
frequency. Hence, o) = 27r/. (]^"or GO cycles, w = 377; for 25 cycles, 

0, - 157.) 



Fi«. 120.— utid (MUlent wave-^) in phase*, with vcctc djagiani. 


Let it be required to determine the impj’essed ('mf having an instan¬ 
taneous value e and an rms value J?. From the definition of an alter¬ 
nating-current volt (Sec. 9), 


e — Ri — Rim sin w/ = Em sin co^, (IG) 

where Em is the maximum value of the wave. 

The current and the voltage have the same frequency Q)/2jr, They 
are also in phase; for when ^ = 0, sin = 0 and both the voltage and 
current waves are crossing the zero axis and increasing positively, as 
shown in Fig. 26(a). To illustrate with numerical values, the voltage 
wave has a maximum value of 150 volts, and the current wave a maxi¬ 
mum value of 20 amp, so that the rms values are 106.0 volts and 14.14 
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amp. From (16), 

= = e=^ir. (17) 

That is, if rms values are used, E = IR. Figure 26(6) shows the vector 
diagram for this circuit, using rms values, the scale being larger than 
that of (a). The IR drop is in phase with the current I and is equal 
to the voltage since no other voltage exists in the circuit. For 
convenience, the positions of the voltage and current vectors are taken 
along the X-axis. They may have any position in the coordinate 
plane, it being merely necessary that they be in phase and have their 
proper magnitudes. They may be considered as the rotating vectors, 



Figs. IG and 17 (pp. 19 and 20), divided by \/2 and photographed 
at the desired position by a high-speed (*amei*a. 

As voltage and current are in phase, the power 

P = El (18) 

as is shoAvn in Fig. 22. Also, 

P = PR. (19) 

Note that, with resistance only, the alternating-current circuit 
follows the same laws as the direct-current circuit in regard to the 
relations existing among voltage, current, resistan{‘e, and power. 

19. Circuit with Inductance. —It is shown in Vol. I, Chap. VIII, 
that inductance always opposes any change in the current. For 
example, when the current starts to increase in a circuit with induct¬ 
ance, the emf of self-induction opposes this increase. This is illus¬ 
trated in Fig. 27(a), which shows the rise of current in a direct-current 
circuit containing resistance and inductance, when a steady voltage is 
impressed. The current rises gradually to its ultimate value. 

On the other hand, when the current starts to decrease in the 
circuit, the inductance tends to prevent this decrease, as la^ shown in 
Fig. 27(6). In other words, if inductance is present in it circuit, it 
always opposes any change in the current. With a steady direct cur¬ 
rent, however, the inductance has no effect. 
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If, in Fig. 27(a), the voltage across the circuit be lowered when the 
current reaches point a, the current will not reach its Ohm\s-law value. 

An effect similar to the foregoing occurs in an a-c circuit containing 
resistance R and inductance L in series. For example, when the 
voltage is increasing positively, the current tends to increase also in 
the same direction. HoAvever, the emf of self-induction —L di/dt 
causes the current to lag; and before the current can attain its Ohm^s- 
law value of E/R, the voltage begins to decrease in a manner similar 
to that at a, Fig. 27. Hence the current cannot reach the value E/R. 


E '^Lo)! 


8001 Voltage 



(c) Vector diagram 


Second " ■ (a) Circuit 

(6) Voltage and current waves 
ri<t. 28 .—\V aveb and vector diagram with indnctanco 011I3 . 

Consider a circuit with inductance only, such as is shown in Fig 
28(a), in which there is a sinusoidal current ?. Starting at a, Fig. 
28(b), the current is changing at its maximum rate in a positive direc¬ 
tion. At this instant, therefore, the emf of self-induction c' must be at 
its negative maximum. At instant 6, the current is at its maximum 
value so that its rate of change is zero. Hence, at this instant the emf 
of self-induction is zero. At c the current is changing at its maximum 
rate negatively, and the emf of seK-induction must be at its positive 
maximum because of the negative sign in —L di/dL Continuing in 
this way, the induced-emf curve a'fc'c' is obtained. This curve is a 
sine wave and lags the current by 90°. 

This is the only emf in the circuit, and it opposes change in the cur¬ 
rent. It is somewhat similar in effect to the counter emf in a motor. 
The line, in the case of the motor, must supply a voltage opposite 
and equal to the counter emf before any current can flow to the arma¬ 
ture. The same condition exists in the alternating-current circuit 
Before any current can flow to a circuit containing inductance only, 
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a voltage opposite and equal to the emf of self-induction must be 
supplied. 

In Fig. 28(fe), therefore, the voltage c, which is the line voltage, 
is opposite and equal to the emf of S('lf-induction e'. In Fig. 28(c) 
is shown the vector diagram in which the voltage vector E leads the 
current vector / by 90°, the vectors representing rms values, the scale 
being different from that in (a). 

Note that the impressed voltage leads the current by 90°, or the 
current lags this voltage by 90°. With inductance only in the circuit, 
the current lags the impressed voltage by 90°. (In practice, it is 
impossible to obtain a pure inductance, as inductance must necevssarily 
be accompanied by a certain amount of resistance'.) 

The foregoing also may lx* proved as follows: L('t the current be given by 
i Im sin Oil. The emf of s(‘lf-iiidiictioii 


e' = —L , = —LooLn eos cot 
at 

= LcoJm sin {cot — 90°) 


( 1 ) 

ill) 


is a cosine or sine wave lagging 90° with respect to /„, sin w/ and is shown by — e', 
Fig. 28(6), 

The line voltage that balances this emf, 


e = LooTrr, sin {oot -f 90°) = sin {uot + 90°) (111) 

= Lcolm COS cot = Em COS Cot (IV) 

is a cosine or sine wave leading the current sin oi by 90° and is shown by e. 

Example. —In a circuit of pure inductance of 0.05 henry the current has a 
maximum instantaneous value of 20.0 amp; and the frequency is 50 cycles per 
sec, Fig. 28(6). Determine (a) equation of current w^ave f; (6) (‘quation of induced- 
emf wave c'; (c) equation of impressed emf c; {d) maximum rate at which current 
in (a) changes; (c) maximum value E^^ of induced emf e' as computed from {d) . 

(а) Im — 20.0 amp. 

i = 20 sin 27r50i = 20 sin 314^ Arts. 

(б) «' = -i- ^ = -0.05 (20 sin 3140 

= -0.05 • 20 • 314 eos 314« 

— —314 COS 314<. Am. 

(c) e ^ —e' — 314 cos 314< 

= 314 sin (314i + 90°). Ans. 

(d) Rate of change of current 

di 

^ =20-314 cos 314^ = 6,280 cos 314^, 


which is a maximum when cos 314^ is unity. Hence, 

6,280 amp per sec. Ans. 
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(e) E' » -L -= -0.05 • 6,280 = -314 volts. Ana. 

\(lt/ TOMX 

These values are shown in Fig. 28(6). 

The quantitative effect of self-inductance on the current is deter¬ 
mined as follows: 


In (IV) the maximum value of e occurs when cos uit is unity. Hence, 

Em — IjO)I mt 

7 - 

■* m 7 

IjO> 


(V) 


( 20 ) 


I*? 


Dividing both sides of (V) by \/2> 

Ian ^ ^rn 

\/^ \/2 Z/tu 

^ JE 

^ Leo 2iiflJ 
where I and E are rms values of current and voltage. 

Hence, in a circuit having inductance only, the current is directly 
proportional to the impressed voltage and is 
inversely proportional to the frequency and 
the self-inductance. 

That is, 27r/L is the choking effect, or the 
resistance to the flow of current, offered by 
inductance and is called the inductive react¬ 
ance of the circuit. It is denoted by Xl and 
is expressed in ohms. 

The impressed voltage is 

E = 2TfLI = IX L 


110 V. 


L = 0.2H 


Fig. 29 C'lrcuit with in¬ 
ductance only. 


volts. 


( 21 ) 


Example —Figure 29 shows a pure inductance of 0.2 henry connected across 
110-volt 60-cycle mams. What is the current? 

Xl = 27r60 • 0.2 = 377 • 0.2 = 75.4 ohms. 

no 


7 — ~ 1.16 amp. 


A ns. 



Fig. 30 . -Vector diagrams with inductance only. 

Figure 30 shows vector diagrams for a pure inductive circuit. In 
(a) the positive horizontal axis is chosen as the reference position for 
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the current vector. In (b) the same axis is chosen as the reference 
position for the voltage vector. In each case tJio impressed \o tage 
leads the current by 90°, and either convention may be usee. n 
fact, it is not necessary to confine either vector to one of the coordinate 
axes, but the diagram may have any position in the coordinate plane 
so long as the voltage leads the current by 90° and tlu' vectors have 
the correct magnitudes. The impressed voltage 
leads the current by 90°. 

20. Circuit with Capacitance Only.—When a 
direct-current voltage is impressed across the 
plates of a perfect capacitor (Vol. 1, Chap. X), 
there is an initial rush of cm rent that charges the 
capa(‘itor to the impressed voltage. After this 
there is no further current if the imi)ressed voltage 
remains constant. If the capacitor plates ncm are 
short-circuited, making the capacitor voltage zero, curn^nt flows from 
the positive plate of the capacitor. 

Figure 31 shows an alternating emf e impressed across the plates 
of a capacitor C. When the voltage starts from its zero value at a, 
Fig, 32, and increases positively, current flows into the capacitor from 


160 
100 
60?> 

0 
0 
50 
100 

Fio. a2. -Cunent and emf waveb with eapficitnnce only. 

the positive wire. This current, theref(>re, is positive. As long as 
the emf across the capacitor plates continues to increase, current must 
flow into the capacitor from the positive win^ and this current will be 
positive in sign. When time b is reached, the increase of emf ceases 
and the current decreases to zero. Between b and c the emf is decreas¬ 
ing, and current is flowing out of the capacitor into the positive wire; 




Fig 31- Cir'*uitwilh 
capacitance onl,\. 
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and as the current has reversed its direction, the sign of the current is 
now negative. This reversal of current is shown by the current wave 
i in Fig. 32. After e goes through zero at c, the emf is negative 
and the charge in the capacitor is reversed, so that the current 
still remains negative. This continues until the emf reaches its 
negative maximum. At this instant, the current reverses and again 
becomes positive. 

An examination of Fig. 32 shows that, when an alternating emf 
is impressed across a capacitor, the current to the capacitor leads the 



Fi(i. 3 .}. \ (‘('tor diagianis with capacitance oiily. 


impressed emf I)}" 90°. This is illustrated by Fig. 33, in which the 
relation is shown vcctorially. As in Fig. 30, in (a) the positive hori¬ 
zontal axis is chosen as the reference position for the current vector, 
and in (/;) the same axis ’s chosen as the refereiK'e position for the 
voltage vector. In each case the current vector leads the voltage 
vector by 90°. 

Those relations of current and voltage in a capacitive circuit also may be 
proved as follows: 

Let (’ be the instantaneous einf across the capacitor, the capacitance in 
farads, and q the charge in couloinbh at any instant. 

Let e = Em sin oit be the equation of the emf. Then q ~ Ce. 

i = '’J = r 1 - = CioE^ cos iot = Cu>E^ sin (u/ + 90“). (I) 

at at 

On the other hand, if the current i = sin w/ be given, 

^ = J i (it ^ j sin cot d/, 

€ = ^ = ^7 [ sin cot dt — ~ ( — cos a>0 
( ( y (o) 

= ~ sin (wt - 90°). (II) 

(I) shows that the sine wave of current leads the impressed voltage 
wave by 90°, and (II) shows that the voltage lags the current by 90°, 
Fig. 32! 
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It will be seen from the foregoing that alternating current does not 
actually flow conductively through the insulation of the capacitor. 
A perfect capacitor offers an infinite resistance to alternating as well 
as to direct current. With alternating current, however, the capacitor 
is alternately charged and discharged, so that a quantity of electricity 
flows into the positive plate and then out again, etc. It is this quan¬ 
tity of electricity that flows to charge and to discharge the capacitor 
that constitutes the alternating current. An ammeter placed in the 
line to such a capacitor indicates a current. The more rapidly the 
voltage alternates, the greater the quantity of electricity charged and 
discharged per second and the greater the current. Hence, the current 
must be proportional to the frequency. This is further showm by (22). 

In (I), the current reaches its maximum w^hen cos = 1.0 or, 
in (II), when sin {oit — 90°) = 1.0. 

Hence, in either case, 


II 

(HI) 

and 


Im = EmCo). 

(IV) 

Dividing both sides of (IV) by \/2, 


/m Em 

■ V2 

(V) 

I = ECw = EC(2Tf) = 2TrfCE, 

(22) 


where I and E are rms values and C is in farads. The current is 
directly proportional to the voltage and capacitance as w(*ll as to the 
frequency. 

In Fig. 32 the maximum instantaneous value of the emf is 150 
volts, the frequency is 50 cycles, and the capacitance is 20 /if. Henc(‘ 
from (IV) the maximum instantaneous current is 

= 150 • 20 • 10-« • 27r50 = 0.942 

amp as shown. The rms value of the emf is 150/\/2 == 100.0 volts, 
and the rms value of the current is 0.9*42/\/2 = 0.0G6 amp. 

Capacitance in an alternating-current circuit is somewhat analo¬ 
gous to conductance in the direct-current circuit. For example, in 
the direct-current circuit the current I = EG, where G is the conduct¬ 
ance; likewise, with capacitance in the alternating-current circuit, 
the current I = E{Co)), The quantity Cw corresponds to G and is 
called capacitive susceptance. 
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Equation (22) may also be written 


E _ E 
l/2ir/C Xc 


(23) 


Xc is the capacitive reactance of the circuit, is expressed in olims, 
and is equal to 1 Also, 


/ 

2ir/C' 


IXc. 


(24) 


If the capacitance C is expressed in microfarads, Xc may be readily 
determined as follows: 


Y - ‘ 

^ 27r/r-10-« 2irfC 


ohms. (25) 


Example.- -Wh&t is the capacitive reactance of a 10-/if capacitor at 60 cycles 
per sec, and bow much current will it take from 110-volt 60-cycle mains? 

10 /if = 0 00001 farad. 

„ 1 100,000 . 

2*-60 ■ 0.00001 "2*-60 20.» ohms. Ans. 


Also, using Eq. (25), 

10 « 

Xc — — Tn, — 265 ohms. Ans, 

27r60 10 

1 = = 0.415 amp. Ans. 

The average power in a circuit containing capacitance only is zero. 

This may lie shown by plotting the power curve from the current 
and voltage curves, Fig. 34, as is done for a circuit with inductance 
only, Fig. 23. 

In Fig. 34, as in Figs. 22, 23, 24, the maximum value of the emf is 
180 volts, and the maximum value of the current is 15 amp. If 
the equations of the emf and current waves are e = sin wt and 
i = 7n. cos cot, the equation of the ])ower curve is 


P 


sin cot cos cot = — 


EmI n 


sin 2(^1 


(see p. 27). This is a double-frequency sine wave with the zero axis 
as its axis of symmetry, so that, as with inductance only, the average 
power is zero. In Fig. 34, 

p = sin 2irl20t = 1,350 sin 754<. 


Also at instants a, 5, c, d, c, Fig. 34, either the emf or the current is 
zero so that the power is zero at each of these instants. Between a 
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and 6, both emf and current are positive, the power is positive, an e 
capacitor is taking and storing energy from the source; between 
and c the emf is positive and the current negative, so that the power is 



negative and the caiiacitor is returning energy to the source. Between 
c and d both emf and current are negative, th(' power is positive, and 
the capacitor again is taking energy; between d and c, wliere the power 

is negative, the capacitor returns tliis (mergy 
to the source. Although the average power 
is zero, there is a transfer of energy alter¬ 
nately from the source to the capacitance 
and from the cajiacitance to the source. 

21. Resistance and Inductance in Series. 
Figure 35 shows a circuit of resistance R 
and inductive reactance Xl connected in 
series across an alternating-current circuit 
whose frequency is / (‘ycles per sec. The 
voltage impressed across the (‘ircuit is E, 
and the current is I, Let it be required to determine the relations 
among I, E, R, Xl. 

Figure 36(a) shows a vector diagiam for this circuit. As the 
current I is the same in both R and X/., it is laid off horizontally to 
scale. The position of the current v('ctor I is arbitrary (it is given the 
position shown merely for convenience). From Fig. 26(5) (p. 29), 
the voltage Er across the resistance R is in phase with the current. 
It is laid off, therefore, along the current vector, Fig. 36(a). 



P^iG. 35.—Circuit with re¬ 
sistance and inductance in 
series. 
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irom Fig. 30(a) (p. 33), the voltage El across the inductance 
leads the current I by 90® and is equal to IXl, Fig. 36(a). 




Fig. 30.—Vector cliaKram for rircuH with lesistanre and inductance in series. 

The line voltage E must be the vector sum of the voltages E^ and El. 
Hence, the parallelogram is completed, and the diagonal, which is 
the vector sum of Ek and Ei, giv es the line voltage E. The same result 
is o})tained if IXl is laid off pt^rpendicular to I at the end of the vector 
III, using a triangle rather than a parallelogram, Fig. 30(6). 

In the right triangle formed by these three voltages, the hypotenuse 
is 

E = V(//?)- + 

= + xi) = I Vii’^ + XI, 

and 

I = JL - = — _ - ■ = E- (20) 

VE- + XI VE‘ + (2,r/L)2 Z 

Z = \/X\ is the impedance of the circuit, is expressed in ohms, 
and ordinarily is denoted by Z. Equation (2()) corresponds to Ohm’s 
law for tlie direct-current circuit. The current in an alternating- 
current circuit is directly proportional to the voltage across the circuit 
and inversely proportional to the impedance of the circuit. That is, 
if the voltage in volts be divided by the impedance in ohms, the value 
of the current in ampin's is obtaiiu'd. 

Ah the voltage 

E = IZ. (27) 

IiXi inspection of Fig. 36 shows that the angle 0 oy which the curi^nt 
*ags the voltage may be determined by 


tan 0 = 
* cos B = 


IXl ^ ^ ^ 2irjfL 

IE li R ' 

_ IR _. 

VW)- + {IX,)- ■ 


_ E _^ 7? 

^R - -1- X'i Z 


( 28 ) 

(29) 


Example .—A circuit with 0.1 henry inductance and 20 ohms resistance in 
series is connected across 100-voIt 25-cycle mains. Determine (a) impedance; 
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(b) current; (c) voltage across the resistance; (d) voltage across the inductance; 
(e) angle by which voltage leads current. 

Xl = 2v25 • 0.1 = 157 • 0.1 = J5.7 ohms. 

(o) Z = -v/(20)* + (15.7)» = \/646 = 25.4 ohms. Ans. 

(6) “ I = = 3.94 amp. Ans. 

(c) Eit^lR=‘ 3.94 • 20 = 78.8 volts. A n.f. 

(d) J?z, = IXl = 3.94 • 15.7 = 61.8 volts Ans. 

As a check, V 178.2)* + (61.8)* = 100 volts. 

(«) tan 0 = ^ ^ = 0.785. 

From p. 608, e = 38.1°. Ans. 

22. Power.— It has been shown already that a pure inductance 
consumes no power. During those periods when the current is increas¬ 
ing from zero to its maximum value, the energy received from the 
source is stored in the magnetic field of the inductance; during those 
periods when the current is decreasing from its ma.ximum value to 
zero, all the energy stored by the inductance is returned to the source. 
Therefore, over a cycle the net energy taken by a pui-e inductance is 
zero. Hence, the inductence of Fig. 35 consumes no p()W(>r. All 
the power expended in the circuit must be accounted for in the ri'sist- 
ance. That is, 

P = p/f = KIB). 


IR is obviously equal to E cos 0, Fig. 30. 

Therefore, the power 

P = I{1R) = IE cos 0 = El cos 0 , 


(30) 


which is the same as Eq. (14), p. 27. 

As is shown in Sec. 17, cos 0 is the power factor of the circuit and is 
equal to the power divided by the volt-amix‘res. 

P 


cos 0 = P.F. = 


El 


1 . 0 . 


The power factor cos 0 can never exceed 1.0. It is usually less than 

I. 

Example .—Determine the power and the power factor in the circuit (Sec. 21). 
p nR = (3.94)* • 20 = 310 watts An.-t. 


P.F. = ^ = 


310 


0.787. Arw. 


Also, 


El 100 • 3.94 

R ^ 

Z " 25.4 

P - jB/ cos » = 100 • 3.94 • 0.787 •= 310 watts. Ans. 


cos 0 - P.F. = ^ ^ = 0.787. Ans. 
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23. Resistance and Capacitance in Series.— Figure 37 shows a 
circuit with resistance R and capacitive reactance Xc in series. An 
alternating voltage of frequency / cycles 
per sec, is impressed across the circuit, and a 
current / results. It is ixHiuired to deter¬ 
mine the relation existing among Ey 7, Ry Xc 
The current I is the same in both R and 
Xc and is laid off horizontally in the vector 
diagram, Fig. 38. The voltage Er ^ 1R 
across tlie resistance is in phase with the cur¬ 
rent. The voltage Er — IXc across the ca¬ 
pacitive reactance lags the current 7 by 90° 

[see Fig. 33(a) j). 35]. Tlie line voltage E is the vector sum of IR and 
7A\ and is, th(u-efore, the hypotenuse of the right triangle having these 
two voltages as side^’ Hence, 



, Fig. 37.— Circuit with re¬ 
sistance and capacitance in 

.>oriei 5 . 


E = Vuny + {IX, )■-’ = r Ve- + xt. = iz, 

whore Z is the iinpcdoncc of the circuil. 


(31) 



J=- 


V 


Fj<j. 3S. -Vectui (liaf<:?ain \MtIj lesistaiico and capacitance in series. 

Solviiif; for the ourroiit /, 

j ^ X ^ 

Ve- + V/f- + (1 2ir}cy- z' 

The ])owor taken by (lie eirenit is 

7> = r-n = KUi) 


t32) 


as (he jiower (aken by the eapaeitive reac(:inee is zero. 


IE = K eos d. 


Th(*refore, P = El eos 0, whicli is (he same e.vpression for power 
as with iiKluetunee and resistance' in series. 

The angle 6 may Ix' delermined by 


tan 0 — 


-JXc 

IR 


R 2 trSCR' 


(33) 
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Hence d is negative, being in the fourth quadrant (p. 003). 

a ^ T) TT* 

cos 6 = -= - -r-== ^ = P.J . 

y/R^ + X% + {l/^fcy Z 

C must he expressed in farads. 

Example. —A capacitance of 20 pi and a resistance of 100 ohms ar(‘ connected 
in scries across 120-volt (iO-cyc'le mains. Determine (n) impedance of the circuit; 
(6) current; (r) voltage across resistance; (d) voltage across capacitance; (c) angle 
between voltage and curr(‘rit; (/) power; (g) power factor. 


20 ^if = 0.000020 farad. 

1 10 ® 

“ 27 r« 0 “-0.000020 “ 2x(>0 M "" ohms. 

(a) Z = V(IOO)* + (13276)* = -v/27,600 = 166.0 ohms. Am. 

190 

(b) I — = 0.723 amp. Aiis. 

(c) Kr = Hi = 0.723 ■ lOO = 72.3 ^ oils. Arr. 

(d) Ec = IXc = 0.723 • 132.6 = 05.9 ^oils. Am. 

V'(72 3)* + (95.9)* = 120 volts (check). 

(c) tan e = -1.326. 


0.723 amp. Ans. 


R 100 

0 s= — 53.0°. A ns. 
p = /2/e = (0.723)2 


52.2 watts. 


(y) cos « = 2 = 0.602. .1h.v. 


P = 120 • 0.723 • cos (-.'>3.0°) = .52.2 watts. yln.s. 


P.F. = 


52 2 

120 • 0.7T3 "" ich(ck). 


24. Resistance, Inductance, and Capacitance in Series.—Figure 39 
shows resistance /?, inductive reactance A' and capacitive reactance 
^ Xc, connected in series. The voltage 

•--T- 1 across the circuit is E volts, the freqiu'ney 

E ^ is /cycles per sec, and the current is I amp. 

f R As this is a series circuit, the current 

1 a same in all parts of the circuit, and 

E El convenience the current vector / is laid 

I_? off horizontal in the circuit vector diagram, 

I Fig. 40. fin (a) the parallelogram of vec- 

— —Xc i^ors is used, in (/>) the polygon of vectors 

» i _ 1 _ is used.] The voltage Er = IR across the 

Fig. 39.—Circuit with re- resistance is in phase with the current and 

sistarice, inductance, and ca- is laid off to scale along the Current vcctor. 

pacitance in senes. 

The voltage El = IXl across the induct¬ 
ance is laid off at right angles to the current and leading. The voltage 


Fig. 39.—Circuit with re¬ 
sistance, inductance, and ca¬ 
pacitance in series. 
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Ec = JXc across the capacitance is laid off at right angles to the cur¬ 
rent and lagging. 

The voltage across the inductance and that across the capacitance 
are in opposition, Fig. 40, so that the resultant voltage of these two is 
their arithmetical difference. In Fig. 40, IXl Is shown greater than 
IXc. IX cj therefore, is subtracted directly from IX l, or added 



FicJ. 10. \ (*cloi (liiigi.'ini's with lo.sihtiiiu'o, induftance, and caparitaiice in soiies. 


vectorially to IX j„ The line voltage must l)e the vector sum of the 
three voltages and is the hypotenuse of a right triangle of which IR and 
IX L — /A'c-are the sid(\s. Therefore, 


= I \/iIFT\Xl~- XvY = iz. 

Solving for /, 


- A’c-)'" 


(34) 

(35) 


which is the (Hiuation for tlie seri(\s alternating-current circuit in the 
steady state. 

The values of Xl and X<' may be substituted in (35), which becomes 


1=1 -7 ^ — v' <*“> 

V"’ + - 2J/T) 

The phase angle 9 is found by 

tan e = - (37) 


If Xl is greater than Xcy the tangent is positive and 9 is positive, 
as in Fig. 40. This shows that the current lags. If Xc is greater 
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than Xl, the tangent is negative and the angle 0 is negative, 
shows that the current leads. 

The power factor of the circuit 


P.F. 


cos 0 


_ R _ ^ R 

+ {Xl - Xcy z 


This 

(38) 


Example .—A series circuit with a resistance of 50 ohms, a capacitance of 25 /if, 
and an inductance of 0.15 henry is connectcd across 120-volt 60-cycle mains. 

Determine (a) impedance of the circuit; (6) current; {c) voltage across resist¬ 
ance; (d) voltage across inductance; (e) voltage across capacitance; (/) phase 
angle of circuit; (g) power factor of circuit; (h) power given to circuit. 


Xl = 27 r 60 0.15 == 377 • 0.15 = 56.6 ohms. 


Xc = 


1 _ 

27r60 • 0.000025 


= 106 ohms. 


(o) Z = ^(50)2 + (5().(i - 10(i)“ = a/('> 0)’ + (-49.4)’“ = 70.2 ohms. 

Ajis. 

(5) f = SF^ = 1-71 amp. Ann. 

(c) Kr = 7R = 1.71 • .50 = 85.5 volts. Ans. 
id) El. = IXL = 1.71 • 5<).() = 9«.8 volts. Ans. 

(c) Ec = IXc = 1.71 • lot) = 181.1 volt.s. /las. 


(/) tan e = 
e = 

(g) cos d “ 


Xl - AV 
H 

e = -44.7°. 


56.6 - 106 
50 


-49.4 

50 


= -0.988. 


cos e — 


Therefore, the current leads. Ans, 

_ R 50 

-f {Xl — Xc)^ 

F 146 


70.2 

= 0.711 (check). 


= 0.711. Ans. 


El 120 • 1.71 
(h) P = 120 • 1.71 • 0.711 = 146 watts. Ans. 


Also, 


p ^ J 2 jt ^ (1.71)2.50 = 146 watts {check). 


Ai7^ =96.8 V. 



fi'»96.8 V. 


1 


JtEc 


= 181.1V. 


Fio. 41.—Vector diagram for series 
circuit, with numerical values. 


Figure 41 gives the vector diagram 
for the circuit conditions of this ex¬ 
ample. 

It will be noted that the magni¬ 
tude of the voltage across the capaci¬ 
tance is greater than the line voltage 
by a considerable amount. This 
would be impossible in a direct-cur¬ 
rent circuit, for the voltage across any 
part of the circuit cannot exceed the 
line voltage. This condition can exist 
in an alternating-current circuit, be¬ 
cause the capacitance voltage and the 
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inductance voltage are in phase opposition. Both may be large, pro¬ 
vided that their difference is less than the line voltage. 

26. Resonance in Series Circuit.—The general equation (36) for 
the current in a series circuit in the steady state shows that for axeu 
values of resistance and impressed voltage the current is a maximum 
when the expression in the parentheses under the square-root sign is 
equal to zero. 

That is, in the equation 



the current is a maximum w hen 


%rJL ~ 


and then is 


E _ 

v/*^^”+Tol 


its Ohm^s-law value. 

Under these conditions, 


zjirfLI = 
612 V. 






2TfLI = 


'>E=IR 
=100 V. 


T _ 
2 7ryc 
^ 612 V. 


1= 6.0 a. 


That is, the voltage across the inductance is e(iiial t 612 v. 
to the voltage across the capacitance. As these tw o 1 42 .--Vec- 

voltages are in phase opiiosition, they balance eacli toi diap^nuu foi 
other, so that tlie IR drop is equal to the line volt- rebVnanoe!' 
age. This is illustrated in Tig. 42. 

When the foregoing conditions exist, the circuit is said to be in 
resonance. The current is then in phase with the line voltage, and 
the power P = EL 

Solving Eq. (39) for the resonant frecpiency fr, 


It follows from (41) that 
where Wr = 27r/-. 


= 1 , 

. _ 1 
^ ” 2t 

LC(4 = 1, 


(41) 

(42) 
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As the voltage across the inductance equals the voltage across 
the capacitance when the circuit is in resonance and the two are in 
opposition, each may reach a high value, even with moderate line 
voltage. This is illustrated by the following example: 

Example ,—A circuit has a resistance of 20 ohms, an inductance of 0.3 henry, 
a capacitance of 20 /xf, and the current is 5.0 amp. DetermiiK' («) frequency at 
which circuit will be in resonance; (h) line voltage; (c) voltage across inductance; 

(d) voltage across capacitance; (c) power to circuit. (/) Draw vector diagram. 


(a) fr = 


= 65 eveles. A ns. 


2rr Vo's • 0.000020 

(b) E = JR — b -20 — 100 volts. Arts. 

(c) El = 2irfrLI = 6.28 • 65 • 0.3 • 5 = 612 volts. 
/ 


(d) Ec = TirFjr, = 012 volts 
(27r/r( ) 


Arts. 


(e) F = El — 100'5 — 500 watts. A ns. 

(f) The vector diagram is shown in Fig. 42. 


A ns. 


It is to be noted that tlie voltage ticross the inductance and that 
across the capacitance are equal, each })eing (>12 volts, or more than 
six times the line voltage. 

It should be noted also that the current is a ynaxitnum when a 
series circuit is in resonance. 

26. Resonance Characteristics of Series Circuits. - Jn any circuit 
w'hose frequency is fixed, there is an infinite number of coml)inations of 
inductance and capacitance that will give resonance. This may be 
seen from an examination of Eq. (41). It is merely ne(*essary that the 
product LC remain constant. For example', after the (dreuit has been 
adjusted to resonance, if the inductance l)e lialved and the capacitance 
be doubled, the resonant condition still exists. But the manner in 
which the current alters as the frequency changes depends on the 
relation of the inductance to the capacitaiire. This is illustrated in 
Fig. 43. The voltage across a ciivuit having 10 ohms resistance is 
maintained constant at 100 volts. Tlie circuit is first tuned to GO 
cycles by adjusting the inductance and capacitance to 0.02 henry and 
352 gf. The variation of current with frequency under tliese condi¬ 
tions is shown by curve I. The current is zero at zero frequency, 
since the capacitor gives an open circuit for direct current. The cur¬ 
rent reaches its maximum w hen the freouency Ix'c'omes 60 cycles per 
sec. The current is zero at infinite frequency, since, with inductance, 
the inductive reactance is infinite at infinite frequency. Curve II 
shows the variation of current with frequency w4ien the inductance is 
0.05 henry and the capacitance is 140.8 gf. The values of current, 
except at the resonant frequency, are now consid('rably less than those 
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given by curve 1. Curve III shows the variation of current with 
frequency when the inductance is 0.1 henry and the capacitance 
is 70.4 /if {LC = 7.04 • 10 "*), curve IV shows the variation of current with 
frequency when the inductance is 0.4 henry and the capacitance is 
17.1) Mf {LC = 7.04 . !()-«). 

It is to be noted tliat, as the inductance is increased and the 
capacitance is correspondingly decreased, the tuning of the circuit 



ri<.. 4.?. liesonjinoo oui ves. 


becomes sharper; that is, a small variation of frecpiency on either 
side of the resonant fre(iu(‘ncy causes a large decrease in current. The 
tuning with c\irve lY is very shaip. 

This relation is particularly useful in communication circuits, for 
example, in radio receiving sets, where sharp tuning is often essential. 

It is to be noted that for all the curves I to IV the product of L 
and C is constant and is ecpial to 7.01 • 10~®. 

27. Selectivity of Resonant Circuit.—In Fig. 13 it is shown that 
for a given value of resistance the sharpness of tuning or the selectivity 
of an a-c circuit depends on th(' relative values of L and C, To have 
some means for comi)aring the selectivity of different circ' nts, a value 
of current equal to the maximum or Ohm’s-law' value divided by \/2 
is chosen arbitrarily, and the frecpiency range—/i, Fig. U, over 
which the current w ill e\c('ed this vahu‘ is d(4ermin(‘d. If the resonant 
frequency is /r, the measurt^ of selectivity of the circuit, given by Q, 
is defined as 

«- («) 

In Fig. 44, let the niaxiiniini rnis value of the current be Im where 1m = E/R, 
E is the impressed voltage and R is the effective^ resistance of the circuit. fi 
and /a are the frecpiencies corresponding to 


^ Bee Sec. 31 p. 55. 
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Then, 



where « ^ 2wf has two values, 27r/i and 27r/>, /i and /> bcMiig the two roots of the 



<iuadfatic equation. Squaring the two right-hand terms of (1) and equating the 
denominators, since the numerators E^ are tlie same, 

2/e^ = + (2.fL - (II) 

f tearranging (II) and taking the square root, 

Multiplying (III) by 27r/C, 

47r2/2/X' - 1 = ±2wfCR, (IV) 

4ir^PLC + 2wfCR = 1. (V) 


Dividing (V) by ^w^LC and coiiifihding the square, 


P 




1 

iTT-^Lr* 


(VI) 

(VII) 


The term under the radical is obviously greater than R/AttL so that if th(‘ 
negative sign before the radical were used a negative value of Irequencv would be 
obtained, which is physically impossible. Hence only the positive sign van be 
used. 


+ iS- + V {£t) + 4-li:c (VI11) 

“ iS, + + iJlc' (i^^ 


/a ~/i 


R 

2irL 
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Hence, from (43), 


0 = 


/r 

h - /l 


/r _ 2‘7r/ tL 

yt^/27rL 


(44) 


Reference is frequently mride to the Q of a circuit, meaning its 
selectivity as measured by (44). Usually in such tuned circuits, there 
is no apx>reciable resistance except that of the wire in the inductance 
coil. Hence, from Eq. (28) (p. 39), Q is equal to the tangent of the 
phase angle 6 of the coil. (Also see Bee. 31). At radio frequencies 
particularly, th<‘re may be appreciable losses in the capacitor, and R 






>E 


Fic.. 4 .' 3 . Resistanco and in<lu<*tun<*o in parallel, \Mth vector diagram. 


may not be constant but will change with frequency owing to vskin 
elYe(*t and other similar effects. 

The (h\s,sipation factor 1) of a circuit is defined as !/(?, so that 
I) = cot 6. 

28. Parallel Circuits.—Tn practice, parallel circuits arc more com¬ 
mon than stM’ies circuits, l)ecause of the extemded use of the multiple 
system of transmission and distribution. The solution of problems 
with two or moi’e loads in ])aralh4 involves finding the current in each 
branch of the circuit and then combining these currents vectorially to 
give the resultant current. * 

This is illustrated in Fig. 45, Avhich shows resistance and inductance 
in parallel, and the vector diagram The voltage E is common to both 
branches so that its ])osition is taken along the })ositive axis of abscissas. 
The resistance current /r is in ])hase with K, and the inductance cur¬ 
rent 1l lags E by 90°. Th(» rc'sultant current /o is their vector sum. 


U = 

tan e = 


\ II + It 


I h 


-E/Xl 

Ejli 


- 7 ? 

A,/ 


(45) 

(46) 


Similarly, Fig. 4(> shows resistan(*e and capacitance in parallel, 
together with the vector ditigram. The capacitive current Ic leads 
E by 90°. 


+ n 


tan d = 


Tc ^ E/Xc ^ R 

Ib E/R Xc 


(47) 

(48) 
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Equations (46) and (48) should be compared with Eqs. (28) and 
(33), (pp. 39 and 41) for the series circuit. Also, see (50), (52), (54) for 
cos d. 





(a) (b) 


Fig. 46. Uesistauce and fa[>aritanoe in parallol, with voctor diagram. 

The following example illustiates method for finding the cur¬ 
rents with resistance, inductance, and (*apacitancc in jiarallel: 

Example .—A resistance of 10 ohms, an inductive reactance ol S ohms, and a 
capacitive reactance of 15 ohms are connected in parallel across 120-\olt OO-cycIe 



mains, P'ig. 47(a) Determine (a; total current; ih circuit po\\(‘r factor; (c) 
power. 

The currents taken by the resistance, inductive reactanct', and capacitive 
reactance are 


Ir = = 12 amp in phase with K. 

/^ — =15 amp in quadrature with E and lagging. 

Ic — = 8 amp 111 quadrature with E and leading. 

These currents are shown vectorially in Fig. 47(h). 

The voltage E is the same for all three branches of the circuit and is laid off as a 
horizontal vector. The resistance cairrent In is in phast' with the voltage E. 
The inductive current Il lags the voltage by 90®, and the capacitive current Ic leads 
the voltage by 90°. As the inductive current and capaidtive current are in phase 
opposition, they subtract arithmetically from each other, giving 7 amp lagging 
by 90°. The resultant current /o is the vector sum of the 7 amp and the 12 amp. 
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(а) lo =* 12* -f 7* = 13.9 amp. lagging. Ans. 

From Fig. 47(?>), 

(б) The cosine of the angle 0 between the voltage and the current is 

cos 9 = }" = J 3^9 = 0.864 = P.F. 4ns. 

« = - 30.2°. 

(c) P = El R *= 120-12 = 1,440 watts. Ans. 

Also, 

P s= EIq cos 0 = 120 • 13.9 • 0.S04 = 1,440 watts. Ans. 

P\)r convenience, the following equations lire given for parallel 
circuits: 


R and L in parallel; 


^ _ 1 

RXl 

(49) 

V(i/«)^ + n/A,)^ Vii^ + xi 

10 ^ 1 0 j 

II 

II 

(50) 

R and C in parallel: 



Z -- 

V(l//f)" + (1 

_J{X( 

■)" ^ + x^ 

(51) 

j E Z 

U = ry \ COS ^ 


(52) 

R, Lj and C in parall(4. 



Z - ^ 

_ liX^Xc _ 

(53) 

W-lL-i-:)’ 

VaTAc^ + U^(Xc - Xtp 

1 ^ a 

7.=^; co.se = ^^. 


(54) 


where lo is the total current and E is the circuit voltage. 

In (40) to (54), R is the vahu^ in ohms of the resistance element R 
of the circuits in Figs. 45 to 47 and is not the equivalent resistance of 
the entire circuit. (See Sec. 59, p. 85.) 

29. Resonance in Parallel Circuit. -—Resonance (or anti resonance)^ 
in a parallel circuit occurs when the resultant current and the line volt¬ 
age are in phase, lender these conditions, the capacitive current 
must be equal to the inductive current. These two, ])eing opposite 
and eciual, will balance each other, leaving only the resistance current. 
This is illustrated in Fig. 48(rt). c is the voltage w'ave; ?r is the current 
in the resistance; n is the current in the inductance; ic is the current in 
the capacitance and is equal and opposite to q. As the inductive 
current lags the voltage by 90° and the capacitive current leads the 

^ This is frequently called the antiresonance, to distinguish it from the resonance, 
which, in a generalized network, occurs when the current is a maximum. 
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voltage by 90°, they are in phase opposition; and, being equal, they 
balance. 

Figure 48(6) illustrates vectorially these circuit conditions, rms 
values being used and the scale in (6) being different from that in {a). 
E is the line voltage, /« the current in the resistance, II the current in 
the inductance, and Ic the curi-ent in the capacitance. 



It is to be noted that the total current is a minimum when the 
parallel circuit is in resonance (or antiresonance), A\hereas in the 
series circuit the current is a maximum at resonance. (Compare 
Figs. 49 and 43.) In the parallel circuit the indiudive and capacitive 
currents are opposite and eciual at resonance; in the scries circuit the 
inductive and capacitive voltages are opposite and equal at resonance. 
If a pure capacitance and a pure inductance were connected in ])arallel 
and adjusted for resonance, the line current would be zero, eyon though 
the inductance and capacitance were each taking current. Since at 
resonance the inductive current is E/2TrfrL and the capacitive current 
is 2irfrCEy 

^ 

and 


2irVLC 


cycles per sec. (55) 
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Also, 

LCi^l = 1, (56) 

where fr and a?r are the resonant frecineney and the resonant angular 
velocity. 

These relations are the same as those for resonance in the series 
circuit [Eqs. (41), (42), p. 45)]. Equations (55) and (50) are valid 
when the inductive and capacitive branches contain only pure induct¬ 
ance and pure capacitance. When there is resistance in either the 
inductive or the capacitive branch, this relationship docs not hold (see 
Sec. 02, p. 88). 


Exmnpip .—A resistancp of 80 ohms, an induotanop of 0.176 henry, and a 
capacitance are connected in parallel across 120-volt 60-cycl(‘ mains. Determine 

(a) value of capacitance for antircsonance; (b) total current; (c) power. 

(a) Ic must he equal to / 


120 

27r60 0.176 


1.81 amp. 


Ic = 120 • 2x60 • C = 1.81 amp. 

1 Q1 

— 40.0 juf. Ans. 


(b) Since //, and Ic are opposite and equal, tiny (‘ancel, l(‘aving only Ir 
Hence, 


I = 12^80 = 1.50 amp. Aros*. 


(c) The inductance* and capacitance take no total p()W(T, and all the power 
is accounted for by tlie resistance, lienee. 


P = 120 • 1..') = 180 watts. Ana. 


The instaiitaiK'ous values of these quantities are shown in Kig. 48(a), w'here 
Em = 120\/2 = 170 volts; Imit = 1.5 \ 2 = 2.11 amp; 


ImL = Imc = 1.81 v2 =2.5()amp. 

The corresponding vcc*tor diagram is shown in (h). 

30. Resonance Characteristics of Parallel Circuits.—In Fig. 43 
the current in a circuit with resistance, inductance, and capacitance in 
seri(\s is sliown as a function of the fretiuency. The current is zero at 
zero and at infinite frequency and is a maximum at the resonant fre¬ 
quency. In Fig. 49 the current in a circuit with resistance, inductance, 
and capacitance in parallel is shown as a function of the freciuency. 
The applied voltage is 50 volts. The inductance is 0.00531 henrjq and 
the capacitance is 4.78 /xf so that the resonant frequency is 1,000 
cycles [Eq. (55)]. There are two current curves, one for the circuit 
when the parallel resistance /f. Fig. 47 (a), is 100 ohms and the other for 
the circuit when the parallel resistance is infinite, that is, R, Fig. 47(a), 
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is open-circuited. There are also two impedance curves sho^v^l by 
dashed lines, one corresponding to 100 ohms parallel resistance and 
the other corresponding to infinite parallel resistance. The data for 
these curves were computed from Eq. (53). At zero frequency the 
reactance of the inductance is zero so that the impedance of the circuit 
is zero and the current is infinite. At infinite fiequency the rea(*tance 
of the capacitance is zero so that the impedance of the circuit again is 



1 i(. 1‘) I^C'soii UK e t h iia( tei I'stic s of p a lilt l r 11 (Tilt 

zero and the current is infinite. At the resonant ire(iuency of 1,000 
cycles the current is a minimum, rather than a maximum as it is with 
the series circuit. With the 100-ohm resistanc(‘, the current at th(' 
resonant frequency is 0.5 amp; with the inhnite r(\sistance, the impedance 
is infinite and the current is zero. This latter condition is n^pn^- 
sented by the vector diagram in Fig. 48 (5) it the current to the resist¬ 
ance is assumed to be zero. Under these conditions tlu' inductive and 
capacitive current are opposite and equal, and the resultant current is 
zero. In practice, these conditions cannot be attained. There must 
be losses in the inductance' and in the capae itance so that always there 
will be a resultant current, although it may be small. 

The resemblance of the 100-ohm impedance curve'. Fig. 49, to the 
current curves of Fig. 43 should be noted. Similarily, if impedance 
curves were drawn, Fig. 43, they would resemble the current curve. 
Fig. 49. 
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31. Effective Resistance. —A coil of copper wire with an air core is 
connected across a direct-current source, and its resistance is measured. 
The voltage across the coil is 22 volts when the current is 4.6 amp. 
This makes its resistance 4.78 ohms. This same coil is connected 
across 110 volts, 60 cycles. It then takes 1.2 amp, and a wattmeter in 
circuit shows that the coil is taking 7.3 watts. If the direct-current 
resistance were used, the power should be only 

(1.2)2 .4 78 = (>^ 89 watts. 

The greater loss with altcM’iiating current is due to the fact that the 
alternating current is not distributed uniformly Over the cross section 
of the wire (skin effect); also, the resulting flux induces eddy currenuS 
in the conductor. 

If an iron core be inserted in this coil, the voltage and frequency 
being maintained constant, the current drops to 0.20 amp and the 
power becomes 0.26 watt. The power calculated on the basis of 
the direct-current resistance w'ould l>e ( 0 . 20 ) 2.4 78 = 0.191 watt. The 
excess power ov('r the cal(*ulated direct-current power is accounted for 
not only by the effects just mentioned but also by the eddy-current and 
hysteresis losses in the iron caused by the alternating flux. It is 
seen that, with a given valu(‘ of current, the losses with alternating 
current may be greater than with direct current. Under such condi¬ 
tions the apparent resistance of the circuit with alternating current is 
greater than with din'ct curn*nt. The apparent resistance with 
alternating current is called (Jl(rtiv( resistance. 

If Hf be the effeciivc n^sistanci' of a circuit, the power loss P for a 
current 1 is 

P - PHe 

and 

- 7^ (57) 

For example, in the illustration just given the effective resistance 
of the coil without iron is 7.3/(1.2)2 = 5.07 ohms, w'hich is 6 per cent 
greater than the direct-(*urrent resistance. With iron, the effective 
resistance is 0.26/(0.20)2 = 6.5 ohms, or 36 per cent greater than the 
direct-current revsistance. 

32. Polygon of Voltages; Three Voltages. —The inductances and 
capacitances so far considered have been assumed as perfect, that is, 
as having no losses, so that the phase angle of current w ith respect to 
voltage is exactly 90°. In practice, this condition is impossible of 
realization. It is shown in Sec. 31 that because of the resistance of 
the wire and because of iron losses, if an iron core is used, there must 
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be losses in any inductor or impedance coil. With a moderately care¬ 
ful design the phase angle of impedance coils may l)c made as great 
as 87°, but coils having larger angles than this aie very difficult to 
design, and the expense of construction becomes relatively large. 

Capacitoi-s, as a mle, have very small losses, and their phase angles 
are nearly 90°; but even such capacitors are not pure. Carefully 
constructed air capacitors may have an angle that differs from 90° 
by only 2 or 3 minutes. 

Losses in inductors and capacitors may be taken into consideration 
by assuming a pure inductance or capacitance and then adding series 
resistance, called the effective resistance (Sec. 31) and sometimes the 



(a) (h) 

Fig. 60 .—Circuit with rcaistanco and impedance in sciics, rind voclor dia^^rarn. 

equivalent resistance^ to account for the losscvs. 'The (‘(jui\ alent resist¬ 
ance may be combined with other resistances in the circuit to obtain the 
total resistance of the circuit. 

Figure 50 (a) shows a series circuit connected across an alternating 
voltage Ey of frequency /. This circuit has a resistance N and an 
impedance coil Z', of an etfective resistance IV and inductance L. 
The reactance X' of the impedance coil is 27r/L. Figure 50(6) shows 
the vector diagram for this circuit. The voltage IR is in phase with 
the current I, The voltage Ez> across the impedance coil leads the 
current by an angle <f> that is less than 90°, owing to the effective 
resistance R' of the impedance coil. The circuit voltage E is the 
vector sum of IR and Ez'. The impedance voltage Ez* consists of 
two components, IR' in phase with the current and IX' in quadra¬ 
ture with the current. The impedance coil itself may be considered 
as a simple scries circuit consisting of a resistance R' and a reactance 
X', Fig. 36 (p. 39). Therefore the projection on the current vector 
of the voltage Ez^ across the impedance is the voltage drop due to the 
resistance of this impedance. Divide this projected voltage by the 
current and the effective resistance R' of the impedance coil is obtained. 
The circuit may be considered as consisting of an equivalent pure 
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resistance Ro = R + R' and a pure reactance X' in series, Fig. 50(6). 

A voltmeter across the resistance R measures the voltage E^; 
across the impedance, it measures the voltage Ez*; across the line, it 
measures the voltage E. 

To construct the vector diagram for this circuit, the current 
vector I is laid off horizontally, as shown in (6). The voltage 
Er — IR == Oa is laid off to scale in phase with the current 7; from 
the outer end a of Er an arc. ac is swung upward haviiig Ez' for its 
radius. Then with 0, the origin, as a center, another arc Oc having 



(a) (6) 


I’lii. 51. Circuit with rc.si.^tiuicc and inductive impedance in scries and polygon of 

voltages. 


E for its radius is swung to intersect the arc ac at r. Lines drawn from 
the end of Er and from 0 to the intersection c of the arcs ac and Oc. 
complete the vector diagram. Thus the line voltage E is made to 
equal the vector sum of the two component voltages Er and £V; 0, 
the circuit power-factor angle, and cf), the impedance-coil power- 
factor angle, can both be found ])y trigonometry, as is illustrated in 
the following exampk^. The line voltage E and the current 7 arc 
known. Henc(', after 0 is d(*termined, it is a simple matter to find 
the power and the power factor of the circuit. 

Example. —A resistance and an iinj)edance coil are connected in series across a 
60-cycle alternating-currt'iit circuit. Fig. 51(a); the current is 4.0 amp. The 
voltage across the resistance is found to he 60 volts; that across the iinpedanco 
coil 80 volts; and the line voltage* 110 volts. Determine (a) resistance R] {h) circuit 
power-factor angle d and po\v(*r factor; (c) impedance-coil pow(‘r-factor angle 
and the corresponding coil power factor; (d) circuit power; (e) impedance-coil 
power; (/) impedance-coil (‘ffective resistance; {(f) impedance-coil reactance; 
(/i) oquivahnit resi.stance Ro of the circuit. 

The vector diagram, Fig. 51 (5), is constructed in the same manner as Fig. 50(5). 

(а) R = = 15.0 ohms. An.s*. 

(б) Applying the law of cosines (p. 605) to Fig. 51(5), 




58 


ALTERNATING CURRENTS 


802 = 1102 + 602-2 -110 • 60 cos 6 . 
^ 9,300 ^ . 

1^200 

0 = 45.2°. Ana. 

P.F. = cos 0 = 0.704. A ns. 


(c) he = 7X' = E sin 0 = 110 • 0.7096 = 78.05 volts. 

. ^ be 78.05 

sin </) = - = — = 0.9757. 

ae 80 

<t> = 77.35°. Ans. 

cos <t> = 0.219. A 71 S. 

(d) Circuit power 

7^ = no • 4 • cos ^ = 440 • 0.701 = 310 wntts. 


Ans. 


(c) Irnpcdfinco-coil power 


1^' — Ey' ■ 7 • cos fj) 

= 80-4 0.219 = 70.0 watts. 


A ns. 


Power in the resistance Pr = 60 • 4 = 240 watts. 

Pr 4- P' = 310 watts = P (ch(ck). 
(/) ab =- IR' = ae cos (/> = 80 • 0 219 = 17.52 volts. 

17 .52 

R' = —^— = 4.38 ohms. Ans. 

4 

From 

{g) the reactance voltage in the impedance coil, 

JX' = hr = 78.05 volts. 

78.05 


(h) 


= 19.5 ohms r(‘actanc(*. A. ns. 

Po = 72 + 7i" = 15,0 + 4.38 = 19.38 ohms. Ans. 


33. Capacitive Impedance. As is stated in Sec. 32 the jiliase 
angle of capacitors ordinarily does not depart very much from 90°; 



Fig. 62.—Resistance and capacitive impedance in series with vector polygon. 

and under many conditions where low-loss dielectrics are used, the 
angle may be considered to be 90®. However, the method of Sec. 32 
may be applied to such capacitors. In Fig. 52(a) a capacitive imped¬ 
ance Z' is shown in series with a resistance R. The impressed emf is 
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E volts and the current is I amp. The vector diagram is shown in 
(6). The reference vector I is laid off horizontally, and the voltage 
Er (= Od) across the resistance is laid off to scale in phase with 7. 
From a an arc ac having Ez', the voltage across the capacitor, for its 
radius, is swung downward. From the origin 0 another arc Oc 
having E as its radius is swung to intersect the arc ac at c. The 
vectors ac = Ez' and Oc — E complete the vector diagram, which 
may be solved in the same manner as Fig. 51(/>). The angle <#> is 
usually so nearly 90® that considerable care must be taken in making 
the measurements if reasonable precisii n is to }>e obtained. 

34. Polygon of Voltages; Four Voltages. If the three sides of a 
triangle are fixenl, the 1i*iangle itself is fixed as regards both its area 



liG 5.J. ('u(uit ^M(]l ifsistaiK (*, iii(Iu(ti\t‘ iiii])edaiK*o, ami c a])atitaiice iii ^series, ami 

l>ol\K<ni of AoltaKo-^. 

and its angles. If the four side^ of a ])olygon arc given, however, 
the polygon itself is not determined. In ordei* to determine the 
polygon, some otluM’ factor, such as the angle included ])ct \veen two of' 
its sides, must be kiumii. The iiuhdtMininate condition exists in the 
vector diagram with resistance, inductive impedance, and capacitive 
impedance in S(M-i('S. Th(\s(» give three voltages, which together vnth 

the line voltage make four \oltages. These four voltages in them¬ 
selves would constitute an indeterminate polygon. If, however, the 
angle between two of these voltages is known, the polygon and its 
angles are uiiiiiuely determined. 

This is illustrated in Fig. 53, in which resistance R, inductive 
impedance Z', and caiiacitive impedance Xc are (*onnected in series, 
and the current is I amp. Assume that the capacitive power-factor 
angle is 90®, which is practically the case with most (‘ommercial 
capacitors. This constitutes the angle that makes the polygon of 
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voltages determinate. Along I lay off Er to scale, Fig. 53(&). Lagging 
I by 90°, lay off Ec to scale. Add these two vectorially, giving 
= J^R + Ec- From the end of E' swing upward an arc of radius 
Ez^, and from 0 swing an arc of radius equal to the line voltage E. 
Complete the polygon wliere these two ar(‘s intersect. Then from () 
draw Ez' parallel to the Ez' swomg from the end of E\ 

It is seen that 


Ex' + {Eli E() — E- 

That is, the vector sum of the thr(‘(' (*om])()nent voltages is (Hiual 
to the line voltage, which verifies the method. 



Fig. 51.—PolyRon of voltago'^ foi ultoi nat mg-cun ont s(‘jios ciioiiit. 

It is not necessary to assume that the angle of tlu^ ea])acitanee 
is 90°, provided that this angle is known. For examph^, the angle 
may be determined by the triangle of voltages as in Fig. 52 or by 
other means; the angle between Ec and / can then be made ecpial to 
this known value. Likewise, tin' angle ))etwe('n tlie impedance 
voltage Ez' and I may lie the known angk'. 

Example. —A resistor, an iinj)eclanee coil, and a capacitor arc coiin(‘ct(‘(l in 
series. The voltage Kh across tlie resistor is SO volts; that across the inijxslance 
coil Ez' is 70 volts; that across tin* capacitor Er is 90 volts - and the lin(‘ ^ oltagc* E 
is 120 volts. The current to the circuit is 5 amp, and the capacitor current leads 
its voltage by 90°. Determine (a) circuit pover-factor angh* 0 ; (h) power of 
circuit; (c) effective resistance of impedance coil; (d) power factor and power- 
factor angle of impedance coil; (e) reactance of impialance coil. 

The voltage polygon is showm in Fig. 54. 

(a) + ^2 == V14,500 = 120.5 volts; 


1.125; 


« = 48.4°. 
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Applying the law of cosines (see p. 606) to triangle oa6, 


cos jS = 


2 • 120.5 • 120 cos 
= 0.8305, 


702 == 120.52 4- 1202 
24,000 
28,900 
33.8°. 

0 = « _ = 48.4° - 33.8° = 14.6°. 

cos 11.6° = 0.968 (cmrent leads). 


Arts, 


(b) P = 120 • 5 • 0 968 = 580 8 watts. Ann. 

(r) The distaiicf' od = 120 cos 0 — 120 -0.968 = 116.2 volts, oc = c'd. 
since oc is the jirojection of oe on od, and cd is the projection of ah on od, and ah 
IS equal and parallel to of. 

Theri'fore, 

oc — od — 80 = 116 2 — 80 = 36.2 volts. 


3[)2 

5 


7 24 ohms efl(‘ctivc re^istame in iinpcdante coil. Ans, 


(rf) 00s ,/,=£'■ = = ()r.l7 = P.F. IHS. 

0 == 58 8”. A ns 

(c) cr = /.Y' = 70 sin <fy = 70 i) 85() = 59 92 volts. 
59 92 

X' = = 11.98 ohms. Ans, 

o 


In making th(w circuit measurements it must he remembered 
that the ordinaiy vultmetcM* takes appreciable current; unless this 



Fig. 65.—Parallel eircuil with resistance, indnclne impedance, and eapaeitunce all in 
paiallcl, AMlh vectoi dniKiain. 

current is small compared with the circuit current, considerable 
error may result. Hence a high-resistance voltmeter should be used 
when the impedances of the circuit elements are relatively high. 

36. Polygon of Currents. —If the resistanees, impedanees, otc.^ 
are in parallel, the voltage is the same for each branch of the circuit, 
but the currents may differ. The polygon is composed of currents, 
therefore, rather than of voltages. Figure 55(a) shows a circuit 
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with resistance /?, inductive impedance Z, and capacitance C in parallel. 
Assume that the capacitance current is in quadrature with its voltage. 
Figure 55(b) represents the polygon of currents. The voltage E, being 
common to all branches, is laid off horizontally. The current he 
is laid off in phase Avith L\ and the current Ic leads E by 90°. These 
two are combined, giving From the end of // is SAvung doAvn- 
ward to meet /, AA'hich is sAA^ung from 0. This (*ompletes the polygon, 
which is similar to those shoAA'ii in Figs. 53 and 54, except that the 
vectors represent cuiTents rather than A^oltages. With only three 
currents, the diagrams are analogous to those of Figs. 50 to 52, except 

that the polygons are of currents rather 
than of voltages. 

36. Energy and Quadrature Currents. 

Figure 50 sIioaas the A^ector diagram for a 
load connected a(*ross an alternating- 
current supply. This load is typical of 
most commercial loads, except incandes¬ 
cent lamp loads. It takes a current I 
agging the voltage E by the angle 6. The current I may be resoh^ed, 
into two components, h in phase Avith the A^oltage and Iq in quadrature 
Avith the voltage. I is the A^ector sum of h and Iq- 
The poAA^er taken by the load is 

P = El cos ei 

where 

/ cos 0 = 7e. 

Therefore 

P = EL. (58) 

L is the energy component of the curn^nt, because this component 
multiplied by the voltage giA^es the circuit poA\ei*. 

The component Jq in quadrature AAith the voltage can contribute 
no power. Iq is th(' quadrature^ or wattless, component of the current 
If this load is being supplied over a transmission line, the line 
loss is proportional to 

PR = (/? + JX)R = LR + IIR, (59) 

AA'here R is the transmission-line resistance. 

It will be noted that the quadrature component produces line 
loss yet contributes no poAver to the load. It is ordinarily desirable, 
therefore, to make as small as possible, in other Avords, to have 
the system operate at high power factor. For example, A\^hen 0 = 45°, 
P.F. = 0.707, the energy and quadrature currents are equal. The 



—>77 

Quadrature 

Current 


Fia. 66.—Enerpcv .ind quadia- 
turc cm 1 cuts 
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quadrature current contributes as much to the line loss, therefore, 
as the energy current does, but it contributes nothing to the power 
supplied to the load. 


Example. —A transmission lino Fig. 57(a) supplies 50 kw at 220 volts, single 
phase, to a load having a power factor of 0.60, lagging current. Each wire has a 
resistance of 0.02 ohm. Determine (a) energy current; (5) cjuadrature current; 



(c) line loss due* to energy current; (d) line loss due to quadrature current; 
total line loss; (/) line loss that would exist if the load power factor were unity. 
The total current 


50,000 
220 ().(» 


379 amp. 


(/) 


(a) le — 379 cos 6 — 379 • 0,6 = 227 amp. 

{h) I,j = 379 sin 6 — 379 • 0.8 — 303 amp. .4 as. 

(c) /f • 0.04 == 2,070 watts. Arts. 

(d) II • 0.04 = 3,680 watts. Ans. 

(c) • 0.04 = 5,750 watts. A ns. 

if) If th(* power factor of the load were unity, the (piadrature current would 
he zero and the line current / = /,. 

Therefore, the loss would Ix' 

U • 0.04 = 2,070 watts. A ns. 

In this particular case, the line loss diu' to the quadrature current 
is mucdi greater than that due to the eiuu gy (‘urrent, yet the quadrature 
(current contributes no power to the load. The quadrature current 
in the line may be reduced or eliminated by connecting a capacitor 
C, shown dotted, in parallel with the load as indicated in Fig. 57(a). 
If the capacitor current 7<7 i« ecpial to the quadrature current /,, the 
resultant current in the line is the energy current, as is indicated in 
(6). Ordinarily it is satisfactory if the power factor is raised to 0.8 
or 0.9 by the capacitor current (st'e p. 410). 

From the foregoing it must not be inferred that the energy and 
quadrature currents exist separately. Only one current actually 
flows, but this current may be resolved into two components, which 
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produce different effects in the circuit. The effect of each component 
then can be studied, resultinfj; in a much better understanding of the 
circuit relations than if an attempt is made to consider the current as 
a whole. 

37. Reactive Volt-amperes. —It is shown in Sec. 30 that the aver¬ 
age power in an altei*nating-current cir'^uit is givc^ii by the product of 
the circuit voltage and the energy current. 'I'his is the power whic'h 
is actually'' delivered, such as the power to some motor or to a lam}) 
load, or the power lost as 7-7?. Also, during each cycle (mergy may 
be exchanged between a part of the circuit and the source, as, for 
example, between an electromagnetic field and th(» source (see Sec. 
16, p. 20). This energy does not leave the system and so does not 
appear in the average power delivered from the source' to the circuit. 
It does have important effects on the system, such as causing a loss of 
energy in flowing through resistance; in Sec. 3() it is shown that 
this power loss is givtm l)y the product of the quadrature current 
squared and the resistance. The effects on the system of this exchange 
of energy may be attributed to a (piantity called reactive volt-amperes. 
The rea(*tive volt-amj^eres an' ecpial to the product of the voltage and 
the quadrature curn'nt, or the |)roduct of the (‘urreiit and the quadra¬ 
ture voltage. The quadrature voltage is tlu' voltage re]>r('sented by 
the length of the p('r})endicular to tlie ciiri*ent VTctor from the end 
of the voltage vector. The var (volt-am})ere reacti^'e) has been 
standardized as the unit of reactive volt-amperes. The kilovar 
(kvar) is equal to 1,0()() vars. It follows that the v alts and tlie vars 
may be added in quadrature to give the total volt-amperes; that is, 

Ya = \/ (watts)- -j- (vars)-^. ((>0) 

The performance of power-transmission systems frequently can bo 
analyzed much more readily if the total volt-am]:)er('s be ix'solved into 
the two components watts and vars (see Sec. 99, p. 150, and Sec. 232, 
p. 414). 

Example .—Detorinine the reactive volt-aniperes, or vars, in the exainph*, 
Sec. 36. 

220 • 303 = 66,660 vars = 66 66 kvars. Aufi. 

Also, 

\/(220.379)* - (50,000? = 66,660 vars. Ans. 

38. Impedances in Parallel.— A method of solving circuits in 
which there are two or more impedances in parallel is to determine 
the current in each impedance, and resolve each current into an energy 
and a quadrature component. All the energy components are added, 
and all the quadrature components are added, thus giving the total 
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energy current and the total quadrature current. The total current 
then is the resultant of the total energy and total (juadrature currents. 

Example .—In Fig. are shown throe* iniprdancos ^ 2 , and in parallel 

and connected across a 120-volt GO-c^^ole supply. Determine (a) each impedance; 

/ 




Fi<J. r)S.—Impedances in paiallol, witli vectoi diagrain. 

{h) each current; (c) ('iiergy and (piadrature components of each curremt, (d) 
resultant energy and (piadrature currents: (c) total current; (/) power factor and 
power-factor angle, ((;) total watts; (/i) total vars. 

(а) Zi = 24 ohms. A as. 

= Vsi + 10= = \ 04 "+ 100 = 12.K0ohnis. Am. 

Z, = + 1.5= = ^02.") + 22.'’) = 29.15 ohm.',. .Ijjs. 

(б) I\ = ^^^24 “ 5.0 amp. Aa.s. 

r 120 , 

^2 >= j2 so " amp. A ns. 

a = 29J5 ='1 11 auiP- 

(c) cos 01 — i;/ 1 ( =/1 = 5.0 amp; hg =0. Aw,s. 

cos 02 = = 0.02.50; /». = 9.38 • 0.0250 = 5.89 amp. Ans. 

sin 02 = = -0.7801; /j, = 9.38 • (-0.7804) = -7.32 amp. Ans. 

25 

cos ^3 = 29 T 5 ~ lie — 4.11 • 0.857 = 3.52 amp. Ans. 

sin 0, - 2^ = 0'5145; /„ = 4.11 • 0.5145 - 2.12 amp. Ans. 
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(d) I. = 5.0 + 5.89 + 3.52 = T4.4I amp. A ns. 

1, —7.32 + 2.12 = —5.20 amp. Ans. 

(e) I = V]4+P + (-5.20)* = V207.4 + 27.0 = 15.33 amp. Ans. 

— ^ 20 

(/) tan e = j = -0.3(51; 6 = -19.85°. Aiifi. 

cos (-19.8,")°) = 0.940(5 = P.F. Ans. 

(g) P = 120 • 14.41 == 1,730 watts. Ans. 

{h) Q = 120- (—5.20) = — (524 vars. Ajis. 


The vector diagram for th(‘ circuit is shown in Fig. 58(5). 

39. Maximum Power in a Series Circuit. —If a series circuit across 
constant voltage has a variable resistance R and a fixed reactan(*(' A', 
the power taken by the circuit will vary as R is vai-ied. When R = 0, 
the power is zero; when P = oo, the power is zero. With a finiti' 
value of voltage, the pow^c'r betwTt'n these tAVo values of R is not zero 
but must be finite^ If the pow'er is plotted as a function of R, it is 
zero w'heii R = 0, increases to a maximum w'hen R — A', and decreases 
to zero Avhen R = cc. The fact that the maximum pow'(U' occurs 
when R — X is shown by the following exam])le. 


Example .—A circuit having a fixed reactance' of 12 ohms h'ither inductive 
or capacitive'^ in serie's with a variable resistance H is e*e)nnect(‘d acre)ss 100-volt 
60-cycle mains. JVterminc {a) value of R for maximum powa'r; {b) maximum 
pow'cr. 

(a) The curre'iit 

/ = 

4 (12)^' 


p = im = 


(10())2P 
-f 144 ’ 


( 1 ) 


Iliffcre'iitinting (Ij with re'spect to R and e'eiuatmg to zero, 


(IP 

dR 


= ( 100)2 


(p2 4_ 141) _ ii{2R) 

UP 4 144)2 


= 0. 


P2 = 144 j R = 12 ohms = A". Arts. 
R = A4 


( 11 ) 


I 



Fig. 59.—Maximum 
power in a-o circuit. 


Thus, the maximum power taken by such a eireuit oc¬ 
curs ivhert the resistance is equal to the reactance. 

(h) Fre)m (1), the powe'r, 

P = (lOOJ* = 10.000^ = 417 watts. Ans. 

If the impressed voltage is constant and the 
resistance R is in series with an impedance Z' w'hose 
resistance is R' and reactance is AT' (either inductive 
or capacitive), Fig, 59, R takes the maximum power 
when R = Z'. 
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The current 

_ I _ 

V(« + R'Y + {X'Y 

p = PR = (/e 4- R'Y + {X'Y’ 

dP _ (R + R')^ + (xr- - X ■ 2(7? + R') _f. 
dR [(/? + R'Y + (X')-J' 

/?2 + 2RR' + R'^ + - 2/?2 - 2RR' = 0, 

Ri = u'l + X'- 

R = = Z'. Q.E.D. 

40. Harmonics. —Tims far, only sine or cosine waves have been 
considered. In practice, nonsinusoidal waves frequently occur. 
For example, the flux distribuiion along the air gaps of alternators 
usually is nonsinusoidal si> that the emf in the individual armature 
conductor likewise is nonsinusoidal (p. 179). Also, with a sinusoidal 
(*mf wave the current wave may l)e nonsinusoidal owing to a saturated 
core in an inductance or a transformer, Fig. 104, p. 118. Fourier 
showed that any periodic wave may l)e expressed as the sum of a d-c com- 
j)onent (zero frequency) and sine (or (*osine) waves having fundamental 
and multiple or highei* fre(iuencies, the highei* freciuencies being called 
harmonics. The d-c com]>onent or any of the other frequencies may 
he absent. In the usual a-c pow'er circuit only odd harmonics occur 
since the circuit conditions are su(‘h that the positive and negative 
loops of both the voltage and the current w'a\ es an' ordinarily similar. 
With even harmonics, the positive and negative looi)S of the waves are 
dissimilar since the phase of any ('ven harmonic with respect to the 
fundamental will be opposite in the i)ositive and negative loops of the 
w'ave. This is illustrated in Fig. ()()(a) and [(>), wiiere an emf w^ave e 
is showm as being composed of a fundanu'iital ci and a second haimonic 
Cg. The resultant w^ave c is found by adiling the ordinates of Ci and Co. 
in (a) the second harmonic c> is in phase with the fundamental Ci, 
and in {b) it lags the fundamental Ci by 90° in terms of its ow'ii scale 
of angles. 

It is to be noted that in each case the positive and negative loops 
of the resultant w'aVe e differ from each other. In (a), for example, 
the peak of the wave is at the left-hand side of the positive and the 
light-hand side of the negative loop. Such dissymmetrical loops do 
occur occasionally in a-c powar circuiits Avhen, for example, d-c and 
a-c magnetization of a saturated iron core occur simultaneously. 
Howwer, such circumstances are rare so that for the most part only 
odd harmonics occur in 'power circuits. 


(I) 


(III) 

(IV) 
(V) 



Volts 
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In Fig. 60(c) is shown an emf wave e consisting of a fundamental 
component Ci having a maximum value of volts and a third 
harmonic having a maximum value of Esm volts, the third harmonic 
lagging the fundamental by in terms of its own scale of angles. 



0 180 360 

Degrees 
(a) 




Fio. 60,— FTiirinonics in altt»rnatiiiK-v<>11aKo wavos: (u) and (6) illuHtiatc' waves witli 
fundamental and second harmonic; (c) illustrates wave with fiiridamontal and thiid 
harmonic. 


The equation of the resultant emf is 


e = Elm win cot + Ezm sin — a) volts. (Gl) 

The shape and the ratio of maximum to rms value of such non- 
sinusoidal waves depend on the phase relation of harmonic and funda¬ 
mental, as well as on their amplitudes. 

It can be shown that the rms value or the value of voltage measured 
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on an a-c instrument that measures rms values is 

E = VEl + El + El - ■ • volts, (62) 

where Ei, Ej, Es are the rms values of the fundamental, the third, 
and the fifth harmonies. 

Example .—In a nonsinusoidal cmf wave having a fundamental frequency of 60 
eycles the rms values of the fundament.al, third harmonic, and fifth harmonic are 
120 volts, 30 volts, and 15 volts. What will an a-c voltmeter that measures rms 
values indicate when connected across the circuit? 

E = V'r20’ + 30“ -f l5* = ^15,525' = 124.6 volts. Am. 

Since d-c voltage and current have a frequency zero, a d-c voltage 
may also be included in (02). 

Example .—A d-c battery having an omf of 100 volts is connected in series with 
a 120-volt 60-cycle power supply. What will an a-c ^^oltm('tcr that measures rms 
values indicate ^vhen coniiectf'd across the two voltages in series? 

E = V 100' + 120' = \/24,40b = 156.2 volts. Am. 

Nonsinusoidal currents may be treated in the same manner as nonsinusoidal 
voltages. 

A study of (a), (6), and (c). Fig. 60, shows that vith nonsinusoidal 
waves the ratio of maximum to rms value usually is vot \/2. (For 
a more comprehensive treatment, sec “Principles of Alternating 
Currents” by R. R. Lawrence.) 



CHAPTEK III 


COMPLEX QUANTITIES 


From the two preceding chapters, it is apparent that alternating- 
current problems cannot be solved ordinaiily by the use of simple 
algebra, since geometrical relations must be taken into considera¬ 
tion. That is, the solutions of alternating-current circuits involve 
vector rather than scalar operations, and simple algebra is not ade¬ 
quate to obtain the desired results. By means of complex algebra, 
however, it is possible to solve alternating-current circuits by algebraic 


+ Y 



Axis of 
Imagrinaries 


Axis of 
Reals 




+A 




Fio. 61.—Oporating on vectoi with ( — 1). Fia 62. -Ofieiating on voctor with \/ - 1. 


operations alone. It is not necessary to emjiloy directly the usual 
trigonometric operations on vector <tui^ntitie^. Furthermore, with¬ 
out complex algebra, many jjroblenis would be difficult to solve. 

41. Rectangular Notation of Complex Quantities.—In Fig. 01 the 
usual coordinate axes XX and YY are shown. Consider a vector 
-fA lying along the X-axis in the positive direction. If this vector 
is operated upon by the factor ( — 1), it becomes — A and its position 
is now along the X-axis in the negative direction. 'I'hat is, by operat¬ 
ing on -f A with the factor (—1), A is caiwed to rotate through an 
angle of 180°. Since ( — 1) is equal to (v^—1 y/ — \), this same result 
may be obtained by operating on -f-A Avith the operator (v^l V^). 
That is by operating on -|-A twice with the operator the vector 

H-A is caused to rotate through 180°. Hence, if the vector -|-A is 
operated on but once by the operator it is caused to rotate 
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through 90®. It has been agreed that \/ — 1 causes rotation in a 
positive, or counterclockwise, direction. That is, the vector +A 
vvhen operated on once by \/-“l takes a position along the F-axis 
in a positive direction, Fig. 62. 

It is well known that the square root of a negative quantity 
as it is used in simple algebra does not denote a physical entity. 
No real quantity squared, whether positive or negative, c^ be equal 
to a negative quantity. Because in simple algebra 1 does not 
represent a physical quantity, it is known as a pure imaginary. Since 
all v ector s that lie along the F-axis aie designated by this operator 
± \/-“l, the F-axis is called tlie axis of imagiaaries. The X-axis 
is called the axis of reals. The term axis of imaginaries is somewhat 
unfortunate, for it implies a nonexistent quantity. In complex 
algebra, however, quantities along the axis of imaginarii's are just 
as much physical entitles as (quantities along the axis of reals. Hence 
with the usual rectangular coordinate axes '\/—l as a coefficient 
indicates that the quantity to vv^hich it is applied as a coefficient 
lies along the positive F-axis, or axis of imaginaries. 

In electrical engineering, the operator + \/—1 is lepresented 
by The factor therefore is an operator which causes the 

vector on which it operates to be rotated through an angle of 90® 
in a counterclockwise direction. 

The operator (— \/—1)(— \/—1) also rotates the vector +A 
through an angle of 180°, as does the opc'rator (\/— I -\/-'l). If 
+ \/—1 causes positive, or counterclo(*k\vise, rotation through 90®, 
— \/ — 1 causes negative, or clockwise, rotation through 90®. As a 
coefficient — \/—1, or —indicates that any real quantity to which 
it is applied as a coefficient lies along the negative l^'-axis, or negative 
axis of imaginaries, as show^n in Fig. ()2. Also —j causes any vector 
on which it operates to be rotated through an angle of 90® in a clock¬ 
wise direction. 

Since complex algebra deals with points in a plane rather than 
with points on a line, the plane represented by the coordinate axes, 
Figs. 61, 62, is called the complex plane. 

42. Rectangular Vectors. —A vector can be resolved into two or 
more components, and ordinarily each component may be operated 
on independently. If the two components are at right angles to 
each other, it is usually more convenient to take the direction of one 
along the X-axis and the other along the F-axis. In complex algebra, 

^ In mathematics, \/—1 is usually represented by the symbol i The fact 
that in electrical engineering i stands for current has caused the adoption of the 
symbol j for 
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each vector is resolved into two components at right angles to each 
other. The component along the F-axis is designated by ±j» For 
example, Fig. 63, the vector A lying in the first quadrant is resolved 
into two components, ai along the axis of reals and along the axis 



Fig. 63.—Rectangular, complex vectors. 

of imaginaries. That is ^ = ai + jci 2 . For vec*tor B in the second quad¬ 
rant, ^ = —bi+ jh 2 ] vector C in the third quadrant, (7 = — Ci — jc^] 
vector D in the fourth (piadrant, D — di — jd^- Vectors defined by 
their (components along the axis of reals and axis of imaginaries will 
be termed rectangular vectors. 



Fig. 04.—Addition of rectangular vectors. 


In the algebra of (complex (piantities, ordinary algebraic operations 
are followed. The operator j is treated as a coefficient and is given 
its algebraic value of \/—1 (for example, = — ]). 

43. Addition and Subtraction of Rectangular Vectors. — ^r.»et it be 
required to add the vectors 4 and B, Fig. 64, where 4 = + 3(^2 and 

P == bi + jb 2 . The addition involves merely the adding together 
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of the real components and of the imaginary components of these two 
vectors. For example, 

(7 = 4 + ^ = («i + bi) + i(a2 + h). (63) 

If any of the quantities ai, bi, ^ 2 , are negative, they are given the 
negative sign. 

Example.—Add 8 - jlO to 6 + j4. (8 - ^10) + (6 + j4) = 14 - j6, Ans. 
This vector has a magnitude of \/(l4)2 -f- (6)^ = 15.23 and lies in the fourth 
quadrant. It makes an angle tan~^ (—6/14) = —23.2° with the positi\ e direction 
of the axis of reals. 

Subtraction is accomplished in the same manner as addition. 

Example. -vSubtract 12 —^10 from 7 + j4. 

(7 +V4) - (12 -ilO) == 7 +j4 - 12 +yi0 = -5 -f jl4. Ans. 

This vector lies in th(‘ second quadrant and makes an angle A\jth the positive 
direction of the avis of reals of tan"^ (14/ —5) = tan"’ (—2.80) = 109.7°. 

44. Multiplication of Rectangular Vectors.—Let it be rccpiired to 
multiply vector 4 = Ui + by vector B = bi + jin. Ordinary 
algebraic procedure is followed. That is, 

AP = (ui + ja2)(bi + ibs) = aibi + ja^b^ + ja^bi + j^a^b^ 

= (uibi - Uzbo) + + a2bi). (64) 

If ^ = bi - jbg, 

AB == («ibi + — j(aib2 — a2bi). (65) 

(Also see Sec. 50 for the geometrical relations among two vectors and 
their product.) 

Example. —Detc'rniine the product of 8 — jlO and 6 +^’4. 

(8 - yi0)(6 4-^4) = 48 + j32 - jOO - jHO - 88 - j28. Ans. 

This vector has a magnitude of \/(88)-* -j- (28)=^ = 92.3 and lies in the fourth 
quadrant. It makes an angle tan"^ (—28/88) = —17.6° with the positive 
direction of the axis of reals. 

46. Reciprocals of Rectangular Vectors.—^I^et it be required to 
determine 

-1 =- ]. - (I) 

4 «! + j(i2 ^ 

{1) is rationalized by multiplying numerator and denominator by 
ai — ja 2 . That is, 

^ ^ 1 , ui — ^_ ai ~ ju g_ 

4 «! + ui - jo2 of - jaiOi + jaiQz - fal 

_ «! _ . 02 

af + a| ^ af + a| 


( 66 ) 
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Example ,—Find 


8 - ilO 


^ ^ == _§_ j. j _— = 0.0488 -hjO.0610. Ans. 

8-yiO 8+yiO 64-f-100 ^•'64 4-JOO 

46. Division of Rectangular Vectors.-- I^et it be recjuired to deter¬ 
mine 

A _ ai -{- ja2 Q\ 

^ " />i -f J(>2 

The denominator of (I) is rationalized, as was done in Sec. 45. 

4 _ + 3^2 hi — jb2 _ aihi — jo^h^ + j(^2h\ + « 2^2 

p ■“ hr+W2 ’ hi - jb2 ~ />] + hi 

0\bi + f/2?>2 .aibz — (i^bi fnr\ 


bl + bl 


bj + bl 


Example .—Divide the quantity 8 — ^10 by 6 4-^4, 
8 - jlO 6 - j\ _ 48 - i32 - y60 - 40 _ ^ >92 


6 4 - >4 6 ~ >4 


36 4- 16 


= 0.154 ->1.77. Am. 


This is a vector whose magnitude is 

. . V(0.154)2 ^ (i;77)‘‘^ = 1.78 

^ (cos a’4-Jsina) i v • xi x- ^ 

^ and lies in the tourth quadrant. 

47. Exponential Vectors.—A vector 

^ as 4 = + 3 ^ 1 ^ FiS- b5, may be ex- 

I _ pressed by 4=4 (cos aj sin a), 

known as DoMoivre’s theorem. Th(‘ 

quantity A is called tlie viodulns or mag- 

Fig. 65.-K<.lation of r.-rtangular, niuide, and tho i)arentlH'sis tcmi the am- 
exponential, HTid polar vertors. , 

phluae or argiuncnt. 

In the argument cos a and > sin « may be expanded by Maclaurin’s theorem 
as follows: 

, or* , a'' a'* , 

= ^ + (68) 


where 

Similarly, 


. . Joi* Joe'* 

J 8 in a = j<x ” 317 +%-*** 
4! = 1 • 2 • 3 • 4. 


_ jot^ _4_ ^ _1_ _ *** 

2! 3! 4! 5» 6 ! 


where € is the Napierian logarithmic base = 2.718. 
Hence, 

= i4(cos « 4- > sin a). 

Also, 

At~^** = A (cos a —> sin a). 
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Thus the vector ~ and is defined as an exponential vector. 


4” = (i4c^«)" = -v^4 


1 _ 


4 Ae^^ 






48. Polar Notation. —A vector in the complex plane may also be 
defined by its magnitude and direction angl(» with resi)ect to the 


A-axis. For example, the vector 
A , Fig. 66, is defined ns A /a; vector 
B is defined as i?\/3; vendor C F 
defined as C^. Vector C may also 
be defined as C/ — y. It follo\\s 
that \y = tdc. 

Vectors defined by the forego¬ 
ing notation will be t(‘rmed polar 
vectors. The method of designat¬ 
ing a polar vector is in reality a 
shorthand method of designating 
an ('xponeutial vector, the angular 
notation such as being eipiiva¬ 
lent to As will be shown, the 



methods of operating on the two types of vectors are identical. Also, 
th(‘ magnitudes such as A or B are called the modulus or absolute 
value of the v(H*tor; the (piantities /a or /I3 arc called the argument 
of the vector. 



FiU. 67. — I’olai voctois oxpiessed as lectaiiKular vorfois. 

In the foregoing notation, A^ is not a product and cannot be 
treated as such. 

49, Addition of Exponential and of Polar Vectors. —Exponential 
and polar vectors cannot be added or subtracted Avithout first con¬ 
verting them into rectangular vectors. For example, Fig. 66, let 
it be required to add vectors i4 and Referring to Fig. 67, 
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4 = cti + jos = 4 (cos a + j sin a), (73) 

P — —hi + jbi = B(cos + j sin 0), (74) 

4 + ^ = (4 cos a + B cos (8) + j(A sin a + B sin fi). (75) 

Example. — In Fig. 67, add 4 = = 12/27° and B = lOe''**" = 10\^4°. 

4 = 12(co8 27° +j sin 27°) = 12(0.891 +/0.4,'>4) = 10.69 + i5.4r), 

B = 10(cos 124° + j sin 124°) = 10( -0.559 + jO.829) = -5.59 +/8.29, 
4 + B = (10.69 - 5.59) + /(5.45 + 8.29) = 5.10 +yi3.74. Ans. 

4 + B “ \/(540)’“T'(i3.74? /tanj/* = 14.65/69.6°. 4n.‘i. 

60. Multiplication of Polar Vectors.— The product of two polar 
vectors is found by taking the 'product of their magnitudes and the 
sum of their angles (see See. 47). Thus, Fig. G8, 

= AH = A [a • (76) 


Example .—Dotorniiiio lljo product of 16/32° and 20\72°. 


16/3^ . 20\72° = 320/32° - 72° = 320/-40° = 320\10°. Ans. 

This vector lies in the fourth quadrant. 

61. Reciprocals of Polar Vectors. - 

The reciprocal of d is 



2 

A 


~A7^~ A ~ J 


-Multiplication of polar 
vectors. 


Example .—Determine the reciprocal of 
25/32°. This is 1/(25 /32°) = 0.04\32®) which 
lies in the fourth quadrant. 

It follows that an angle may be 
transferred from denominator to num¬ 
erator and from numerator to denomi¬ 
nator, if its sign he reversed. 

62. Division of Polar Vectors. -The (piotient of two ])olar vectors 
is found by taking the quotient of their magnitudes and the difference 
of their angles, thus: 

A A /a A 

'Will's 

Example .—Divide 30X115° by 6\50°, Fig. 69. 


30\115° 

—= 5\115° -f 50° = 5\165°. Ans. 

6\50° - 

63. Powers and Roots of Polar Vectors.—To find the wth power 
of a polar vector, take the nth power of its magnitude and n thnes its 
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angle. For example 

4” = (A/a)^ = A^/na, (79; 

Example .—Find (4\64“)3. 

(4\64^)3 = 43\3.64° = 64/TW° 

= ()4\168°. Aris. 

To find the nth root of a polar vector, take the nth root of its magnitude 
and 1/nth of its angle. 

y/A = yyiuci = -vKa j— (80) 

Example .—Determine \/4\64°. 

V4\64" = 2Vi2°. A as. 

64. Operators for Rotation of Vectors. —To rotate a polar vector 
A/a through an angle ±jS, th(‘ angk* 4/3 is merely added to the angle a. 
Thus, 

{A/a)^l§) = A/a_±l, (81a) 

(d M(I/ -/3) = A /a - 13 . (816) 


Hence, is a rotational operator. ' 



6 I 

Fig. G9.—Division of polar voflons. Ftcj. 70. Kotaliou of rei'tan- 

gulai voctoi Ihiough angle. 


To rotate a rectangular vector thiough a positive angle /3, with¬ 
out changing its magnitude', it is multiplied l)y cos (5 + j t^in 6 . This 
may ])e ]u*ov(‘d as follows: 

In Fig. 70, the vector A = m A-joi is shown making an angle « with the 
axis of abscissas. 41ie vector A ' is of the same magnitude as vector ..1 but rotated 
in a counterclockwise direction througli the angle |8 from A. 

4' = 4'lcos (« 4- 4- j sin (or 4" 0)] [Fq. (73), p. 76] 

— A' (cos CL cos ^ — sin a sin ^ Ar j sin or cos ^ Ar j cos <y sin jS) 

[see (38) and (36), p. 605] 

4'[cos /3(cos a At 3 sin «) 4- j sin /3(cos or + sin or)] 

« 4'(cos ot A- j sin a)(cos 0 4"i sin /3). 


( 82 ) 
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Since 4' = ^ numerically, 

4' ~ 4 («os /3 + y sin /3) Q.E.D. 

Also, from Eqs. (73) and (Sla), 

(A/a)(l//8) = A (cos oi + j sin a) (cos /3 +i sin /3). 

In a similar manner, cos P — j sin rotates any vector A through 
an angle in a clockwise direction with no alteration in magnitude 
Hence, cos 0 ± j sin p is a rotational operator. 

Example. —Rotate the vector —6.0 — ^8.5 in a clockwise dir(»ction through an 
angle of 72°. 

cos 72° = 0.309; sin 72° = 0.951. 

(-6.0 -i8.5) (0.309 - JO 9.51) = -1.854 +J5.706 - J2.63 - 8.08 

- -9.93 +J3.08 = 10.41\162.8°. 

Since the vector —6.0 — J8.5 = 10.41/125.2°, it has been rotated from the 
third into the second quadrant through an angle of 72° without changing its 
magnitude. 

Summary. —To add or subtract vectors, they must be expressed 
first as rectangular vectors, that is, vectors having their components 
along the axes of reals and imaginaries. This is tlic more (*onvenient 
method of expressing vectors when addition or subtraction is to be 
performed. 

It is possible vith rectangular vectors to multiply, to take the 
reciprocal, to divide, to rotate, and to raise to a power. It is very 
much simpler to perform these operations with the vectors expressed 
either in exponential or in polar form. It is necessary to use either 
polar or exponential notation in finding roots of vec'tor quantities. 

Sometimes it is simpler to multiply and divide quantities when 
expressed in rectangular vectors than to convert them into polar 
quantities and back again, etc. 

APPLICATION OF COMPLEX QUANTITIES TO ALTERNATING 

CURRENTS 

56. Simple Series Circuits. —In Fig. 71(a) is shown a simple series 
circuit consisting of a noninductive resistance li and an inductive 
reactance Xl. This circuit is identical with that shown in Fig. 35 
(p. 38). Let the direction of 1 be so chosen that I lies along the 
axis of reals. Fig. 71(6). That is, / = / + jO. Since the //2-vector 
is in phase with /, its complex expression is IR + jO. The /Xi-vector 
is at right angles to / and leads; therefore, its complex expression is 
+j7Xl. Hence, the line voltage is 

- 7/2 + jlX^ - I(R + jX) = I!?. 


(83) 
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It is seen from (83) that the impedance Z is expressed as a complex 
quantity. Although* expressed as a complex quantity, impedance 
itself is not a vector quantity. Impedance, however, does resolve 
the resistance and reactance voltage drops into two voltage vectors 
at right angles to each other so that it is actually a complex operator. 


I 



(a) (6) 


Fi(». 71. Soricjs indurtivc* circuit and its conijdcx-vertor diagram. 

Because it is expressed algebraically as a complex quantity and treated 
as a (*omplex quantity, impedance is defined as vector impedance^ or 
complex impedance. To be certain that impedance will be treated as 
a complex quantity a dot is placed beneath its symbol (Z). 

In the foregoing example, the direction of the current is chosen 
along the axis of reals. Let the direction of the voltage now be taken 
along the axis of reals, that is, Jjl = E + ^0 volts. 

By using the impedance as a complex operator, the current may 
be found as follows: 

• R + jXj. R + jXl R - jX'l R'^ + XI 

Example. —In a series circuit, llie impressed voltage is 110 volts, 60 evcles, tlie 
resistance is 15 ohms, and the inductive reactance is 18 ohms. With the voltage 
vector taken along the axis of reals, determine the current. 

no ^ no 15 -il8 

^ 15 -h jl8 15 4-il8 ' 15 - yi8 

^ 110(15 - ./18) _ 1,6,^ 

225 -h 324 549 

= 3.01 — ^*3.61 amp- /Iws. 

1^1 = \/3 01" + 3.61* = 4.70 amp. Ans. 

* American Standard Definitions of Electrical Terms, C42 (1941), Definition 
05.20.196. “The vector impedance of a portion of an electric circuit for simple 
sinusoidal current and potential difference is the ratio of the corresponding com¬ 
plex harmonic potential difference to the corresponding complex-current.^* (A 
dash over the symbol Z is also frequently used.) 
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The vector diagram is shown in Fig. 72. 


tan = = -1.20; » = -50.2°. 

In Fig. 73(a) is shown a resistance li and a capacitive reactance 

Xc in series. If the current I be 


a 



Fio. 72.—Current as a complex vector. 

impedance operator Z = R — jXc 
along the axis of reals, 


taken along the axis of reals, IXc 
will be lagging 90°, Fig. 73(6), and 
the emf 

(I + jO)(R - jXc) 

= IR - jJXc = /(/? - jXc) 

= I(R-jXc), (85) 

since / = 7 + jO. 

Hence, with capacitance the 
If, however, the emf E be taken 


r ^^ ^ E + jO R+jXc ^ E( R+j Xc) 

^ R - jXc R - jXc R + jXc ■ R‘^ + Al 

The current will be given by 

f ^ 7^2 + ^ + A7.) " 


and will be leading Fig. 73(c). 



Fig. 73.—Series capacitive circuit and its complex-vector diagram. 


It is to be noted that inductive reactance is denoted by +jXL and 
capacitive reactance by —jXc. 

Impedance also may be expressed as a polar operator, a positive 
angle (Z) being used for inductive reactance and a negative angle (’^) 
for capacitive reactance. 


Example ,—A capacitance of 20 ixi and a resistance of 100 ohms are connected 
in series across 120-volt 60-cycle mains. Determine the current, choosing the 
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position of the voltage vector so that it lies along the positive axis of reals (see 
example, p. 42). 

“ 20 "377 ■ 10”‘ ” 

j_ 120 _ 120 100 +il32.6 

^ 100 - il32.6 100 - ^132.6'100 + jl32.6 

^_ 12,000 . 15,910 

10,000 + 17,600 10,000 + 17,600 

^ 12,000 .16,910 

27,600 ^ 27,600 

= 0.435 4-^0.577 amp. Ans. 

The absolute value of / is 

1/| = V(0 435)» +'(0.577)» = = 0.723 amp. Am. 

The phase angle is 

0 577 

tan == tan-i 1 326 = 53.0°. Am. 

31ie inipedarice may be expressed in the polar form as follows: 

100 -^132.6 = ^/27,600\53° - 166\53°. 

190 

j = _ — = 0.723/53° amp {check), Ans, 

1C0\53° 

In the application of the complex method, it is not necessary that 
either current or voltage be taken along the axis of reals. This is 
illustrated by the intermediate voltages and currents, (d) and (e) 
in the example, Sec. 60, p. 87. 

66. Power Determination.—If the voltage and current of a circuit 
are expressed as rectangular vectors, it is a simple matter to determine 
the power. 

For example, in Fig. 72, 3.01 amp is the energy current, and the 
power P = 110 • 3.01 = 331 watts. In Fig. 

73(c), /1 is the energy current, and the power 
P = Eh watts. However, if voltage and 
current are not along the axis of reals, each 
may be resolved into real and imaginary 
components and the poAver readily deter¬ 
mined. Consider Fig. 74, in which the volt¬ 
age ^ = El + jEz lies in the first quadrant 
and the current { = h — jh lies in the 
fourth quadrant. A study of Fig. 74 shows 
that the component voltage Ei and the component current h are in 
phase. Since component voltages and currents may be treated as if 
they were acting alone, the power contributed by Ei and h is 

Pi = Eih. 



Fig. 74.—Power =» EI cos 9 
®= Ei/i — E 2 I 2 , 
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The coefficient of is +i, and the coefficient of 1 2 is —j. Hence, 
these two components are in phase opposition, and their product 
gives negative power. That is, 

P 2 ^ — E^Tz* 

Components Ei and 1 2 , and likewise components E 2 and 7i, 
contribute no power, since they are in quadrature. The total power 
under the foregoing conditions is, therefore, 

P = Pi + P2 = Pi/i - P2/2. ( 88 ) 


If the complex expressions for voltage and current be written as 
-5^ = Pi + jE2, 

/ = /l + jl 2y 

the total power is the sum of the product of the real quantities (Pi 
and h) and the product of the imaginary quantities (P 2 and 1 2 ), 
the signs being determined in the ordinary algebraic manner. The 
operator i, however, must not be included in the multiplication of 
the imaginary quantities. For example, in the expressions 

jr; = Pi + JP2 

and I = h jhy the plus sign before jE 2 and the minus sign before 
jl 2 show that P 2 and 1 2 are in opposition. Yet their algebraic product, 
including the operator, is plus. That is, yP 2 (—y/ 2 ) = +Ezl 2 y which 
is incorrect when used to determine the power. 

A study of Fig. 74 shows that the phase angle between P and I 

= a + /3 = tan-» ^ + tiin"' (89) 

XSl i 1 

With polar vectors, the power is ol)tained in the usual manner, 
that is, by taking the product of the voltage and current magnitudes 
and multiplying this result by the cosine of the angle between them. 
Thus, if = E/a and / = 7/g , 

P = EI cos (a 


Example .—When a voltage 60 + j80 is acting on a circuit, the current is 
—3 + 75 . Determine (a) complex expression for impedance of circuit; (6) 
whether impedance is capacitive or inductive; (c) power; {d) phase angle between 
current and voltage. 


/ ^ ^ _ 60 -f 780 _ 60 + 780 ~3 -75 

-180 - 7240 - 7300 + 400 220 - 7540 

9 + 25 34 


= 6.47 — 715.88 ohms. 


17.15\67.9°ohms An&. 
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(5) Capacitive, since imaginary term is minus. Ans. 

(c) P = [60 • (-3)] + 180 • 6] » 220 watts. Ana. 

(d) tan a = 8%o “ 1.333, a = 53.1°. 

tan (J = ~ = -1.667, /S = 121°. 

9 = 121° - 53.1° = 67.9°. Ans. 

Example. —Express the voltage and current in the foregoing example as 
polar vectors, and repeat (a) and (c). 

E - = 100 /53.1^ volts. 

I = V(3)= + (5)* \tan-> ^ = 5.83 ,1^° amp. . 

K 100/53.1° 

{a) Z = ^ 3^1270 = 17.15 /53 1 ° - 12 1° = 17.15 /-67.9° ohms. Ana. 

(c) P = 100 • 5.83 co7(-67.9°) 

= 583 • 0.376 = 220 watts. Ans. (check). 

67. Conjugate Method for Power.—Conjugate complex quantities 
are complex quantities ^^ith the same real and imaginary components 
but with the imaginary components of opposite sign. Thus, Ei + jE 2 
and El — jE 2 are conjugate complex quantities. Likewise, conjugate 
polar quantities are polar quantities with the angles differing in sign, 
such as E/a and E\a. The difficulty in Sec. 50 of not being able to 
multiply together the complex expressions for voltage and current 
to obtain the powder is eliminated if the conjugate of either quantity 
is used, preferably the voltage. Moreover, the imaginary term in 
the product gives the vars of the circuit. 

Thus, in the example, Sec. 56, E = 60 + jSO volts. The conjugate 
of E is represented by S = 60 — jSO volts. 

m = (60 ~i80)(-3+i5) 

= (-180 + 400) + j(300 + 240) 

= 220 + i540 = 220 watts + 540 vars. Ans, 

The value of vars may be verified since 

vars = EI sin 6 = 100 • 5.83 sin 67.9®* 

= 583 • 0.9265 = 510 vars (check). 

When the conjugate of the voltage is used, capacitive vars have a 
positive sign and inductive vars a negative sign. These signs are in 
accordance wdth the ASA^ C42 definitions, the accepted American 
electrical standards. If the conjugate of the current rather than of 
the voltage is used, capacitive vars have a negative sign and inductive 
vars a positive sign. 

‘ American Standard Definitions of Electrical Terms, 1941; Definition 
05.21.050. 
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58. Parallel Circuits.—When two or more circuits are in parallel, 
the current in each may be found in complex. The total current in 

complex then is found by adding all real 
components and all imaginary compo¬ 
nents. Consider Fig. 75, in which is 
shoAMi a parallel circuit of two branches 
connected across voltage E, One branch 
consists of a resistance Ri in series with 
an inductive reactance Xl; the second 

Fig. 75.—Circuits in parallel. i r x • 

branch consists of a resistance /r 2 m series 
with a capacitive reactance Xc. The currents are h and 1 2 ; the line 
current is 7. Let the voltage E be along the axis of reals, or 
^ + jO. 

E 


(see p. 79). 

T — 77 _ E R 2 "t~ jX c 

* 1?2 jXc R 2 — jXc "h jX C 

“ ^ Gi + XI ^ R\ + X?) 

The total current 

/ = /l + 72 = (7le + 72e) + i(“~7lg + l2q) 
= 7« + jlq. 

tan e = 


E ^ 7 ?i - j Xl 
Ri + jXl Ri — JXl 

^ ^ (i?f + A1 " ^ RfT'X^^ ^ ~ 



Example .—In Fig. 75, let iZi = Sohms, Xi = 12 ohms, Ti: = 15 ohms, •= 20 
ohms, E •= 120 volts, 60 cycles. Determine (a) current in each branch; (6) 
total current; (c) equivalent impedance of circuit; (d) power in each branch; (e) 
total power; (f) total power factor. 


(o) /i 

|/.| 

h 

|A| 
(ft) / = 
|/| “ 

(c) ? 


120 +j0 _ 120 +j0 8 -il2 
8+/12 8+yi2'8-.7l2 


= 4.61 — ji6.92 amp. 


jlns. 


\/(4 61)* + (6.92)* = 8.32 amp. Ans. 

120 +y0 120(15 + j-20) ^ „ po I -o o. 

ir=-m '^5~T4d0- - + J3.84 amp. 

^(2.88)* + (3.84)» = 4.80 amp. Ans. 


Ans. 


/i +/2 = (4.61 -i6.92) + (2.88 +^3.84) = 7.49 -^3.08 amp. 
vT^^ 9T""+708)2 = 8.10 amp. Ans. 


E ^ 120 +j0 

J 7.49 - i3.08 


13.68 + 75.64 ohms. Ans, 


Ans. 
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\Z\ - ^(is.es)* + (5.64)* = 14.80 ohms. Am. 

(d) Pi •• 120 • 4.61 <= (8.32)*8 =« 553 watts. Ans. 
P, - 120 • 2.88 = (4.80) *15 = 345 watts. Ana. 

(e) P = Pi + Ps = 553 + 345 = 898 watts. Ans. 

(/) cos ^ 0.924. Ans. 


69. Equivalent Parallel Impedance. —The solution of parallel 
circuits may be accomplished in the same manner as with d-c parallel 
circuits (see Vol. I, Chap. II), except that complex impedances rather 
than simple resistances are involved. With resistances in parallel, 
the reciprocal of the equivalent resistance is 

i=± + J- + J_+... 

R Ri ^ 


With two resistances in parallel, 


R = 


R1R2 

Ri + R 2 


Likewise, with impedances in parallel, 


I 


-L -I- ^ -P A _|- 
Zi Z2 Z3 


With two impedances in parallel, 

y _ 

• ” + Z 2 


(91) 


(92) 


Each of the foregoing impedances must be expressed in complex (in rec¬ 
tangular, polar or exponential form). 


In Fig. 75, let Ri = 8fi; Xl — 120; — 150; Xc = 200; E — 120 volts, 

60 cycles. Determine (a) impedance in complex and magnitude; (6; current; (c) 
power factor; (d) power-factor angle. 


(a) 






1 


+ - 


_ 8 - il2 


+ 


15 +j 20 


?2 “ 8 -i-^’12 ' 15 -^20 “ (8)2 + (12)2 T- (15)2 ^ ( 20)2 
0.03845 ~y0.0577 + 0.0240 4-^0.0320 - 0.06245 -^0.0257 mho. 

1 0.06245 + i0.0257 , 

(0.06245)* + (0.0257)* +j5.64 ohms 


( 6 ) I 


^ 0.06245 - j0.0257 

\Z\ = = 14.80 ohms. 

E _ 120 13.f» - j5.64 

? 13.'68 + y5.64 ■ 13.68 - j5.64 


Ans. 


1,644 -j677 _ 1,644 - jCTI 
” 187.6 + 31.2 218.8 

— 7.52 — ^3.09 amp. 


|/| - V(7 52)* 4 (3.09)* - 8.14 amp. 
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(e) cos e =. ^ = 0.924 = P.F. 

{d) e * 22.3°. 

The equivalent impedance may also be found by (92). 

7 - (8 -f jl2)(15 -i20 ) 

^ (8 +jl2) -f (15 -j20) 

120 -il60 +il80 -f 240 _ 360 4-^20 
“ 23 - i8 23 - jS 

360 + i20 23 +i8 ^ 8,120 .3,340 

” 23 - j8 ‘ 23 + yS 593 593 

« 13.69 4- i5.64 ohms. Ans, 

With two impedances in parallel the use of (92) has the advantage 
that decimal quantities having several ciphers immediately following 
the decimal point are avoided. This condition occurs with impedances 
whose values are in the hundreds of ohms or greater. With more 
than two impedances in parallel, however, the method given by (91) 
is to be preferred. 

60. Series-parallel Circuit. —The solution of series-parallel circuits 
is accomplished in the same manner as for direct-current series-parallel 
circuits (see Vol. I, Chap. II), except that complex impedances rather 
than simple resistances are involved. The impedance of the parallel 
circuit is first found by the methods of Sec. 58 or 59. This impedance, 
in complex, is then added to the impedance (in complex) in series with 
the parallel part of the circuit to find the total impedan(;e of the circuit. 
The problem is then solved by the method of Sec. 55. 

Example .—Figure 76(a) shows a series-parallel circuit consisting of two 
impedances Ri + jXi = 6 4-.;3 and 7^2 — jX 2 = 5 — jH ohms in parallel and in 



series with the impedance 72o 4- = 4 4- 76 ohms. The entire circuit is con¬ 

nected across 110-volt 50-cycle mains. Determine (a) impedance of parallel 
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circuit; (6) impedance of entire circuit; (c) total current I; (d) voltage E^, across 
parallel circuit; (c)current in each impedance; (/) power in each circuit element. 

r ^ 1 = 1 -I- I = , _L_ 

= ^2 ^^3)2 + (5)^2 $-^(sj2 = 0-1333 - i0.0667 + 0.0562 +y0.0899 

= 0.1895 +i0.0232 mho. 

_^1_ 0.1895 -;0.0232 

* 0.1895 +^0.0232 (0.1895)2 + (0.0232)^ “ ' 

__ — jO.637 ohm. ^Ins. 

I^'l = •\/(5.20)2 + (0 037)2 = .5.23 ohms. Ans. 

(ft) ? = (5.20 - yo.637) + (4 + j6) = (5.20 + 4) f j(-0.637 + 6) 

= 9.20 + _;5.30 ohms. Ans. 

\Z\ = -\/(9.^)2 + (.^;«Ty2 = 10 05 ohms. 1«.s. 

(c) The line-voltage vector is (akin along the axis of reals. 

/ = _ 115 _ = !'<!_ 9J0->5.36 

1 9 20 + j5 3f 9.20 -f y.5'3C ' 9.20 - .;5.30 

110 - 9.20 110-.5.36 . 

(9.20)2 + (5 36)2 (9.20)2 + (.5.30)2 j5.^0 amp. Ans. 

|/| = \/( 8 T» 2 ) 2 T73.2012 = 10.33 amp. Ans. 


Ul = = 110/10 65 = 10.33 amp (check). 

(d) Eai = /?' = (8.92 ->5.20)(5.20 -^0.637) = 43.1 - >32.7 volts. Ans. 
I A’,.!, I = V(t3 1 )2 + (32 7)2 = 54.1 volts. Am. 

\lso, the voltage across Ro + 

-go = (8.92 - J5.20)(4 + ./6) == 66.9 + i32.7 volts. Ans. 

-f- iah = 110 -f-yO (check). 


From (a), 

^ = 0.1333 - >0.00(i7 mho. 

ft = (43.1 ->32.7)(0.1333 ->0.0667) = 3.57 ->7.23 amp. Ans. 

1/,| = \/(3.57)2 -r(7.23)^ = 8.06 .-imp. dns. 

Is = ^ = (43.1 ->32.7)(0.05()2 +>0.0899) = 5.30 +>2.04 amp .4m'. 

since, from (o), 1/^2 = 0.0562 +>0.0899, 

|/4 = + (2^04)2 = 5.73 amp. Am. 

h + h = I (check). 

(f) P„ = (66.9 • 8.92) - (32.7 • 5.20) (see Sec. 56) 

= 597 — 170 = 427 watts. Ans. 

Pi = (43.1 • 3.57) + (32.7 ■ 7.23) = 153.7 + 236 = 389.7 watts. Am. 

Pi = (43.1 • 5.36) - (32.7 : 2.04) = 231 - 66.7 = 164.3 watts. Am. 

Also, 

Po - IlBo-,Pi - /?Bi;P2 - IlBs (check). 
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The total power 

P * 427 + 389.7 4- 164.3 = 981.0 watts 
= (110 • 8.92) = (10.33)2 • 9.20 {check). 

The vector diagram for this circuit is shown in Fig. 76(6). To avoid con¬ 
fusion, the individual resistance and reactance drops IiRij /iXi, /2P2, /2X2 are 
omitted. 

61. Solution of Series-parallel Circuits with Polar Vectors. —The 

method of equivalent impedance given in Sec. 59 is equally applicable 
to quantities expressed in polar form. For example, let it be required 
to solve the series-parallel circuit of Sec. 60 by means of polar operators. 

(а) = \/(6)2 + (3)2/tan-i % = 6.71/26.6^ 

^2 = VTS)* "+ (8)2\tan-i % = 9.42\5^. 

Using Eq. (92), (p. 85), 

^ 6.71 /26.6 ° • 9.42\M:0° ^ 63.2\ 3lT4^ 

" l^+“5rT j(3 - 8) 12.08\24.4° 

« 5.23\^°. Ans. 

=* 5.23(cos 7.0° — j sin 7.0°) = 5.20 — jO.637 ohms. Ans. 

(б) ? (4 4- 5.20) 4- i(6.0 - 0.637) = 9.20 4- ^5.36 ohms 

=* 10.65 /30. 2° ohms. Am. 

110 / 0 ° _ _ 

^ = 10:6^2^ = '“-33X30.2“ 

= 10.33 (cos 30.2° “^.sin 30.2°) = 8.92 ~ j5.20 amp. Ans. 

id) fJnb - I?' - 10.33\30.2'^-5.23X770^ 

= 54.0\37.2° volts. Ans. 

/ \ r 54.0\37.2° Q a 

(e) /i = g y^ /2 6 6° 8.06\63.8 amp. Ans. 

j 54-0\37.2° - -o 790 8® A 

/2 —- — — = 5.73 /^^-^ amp. Ans. 

9.42X58.0° 

(/) Po =r (10.33)24 = 427 watts. Ans. 

Pi ** 54.0 ♦ 8.06 cos (63.8° — 37.2°) = 389 watts. Ans. 

P2 ~ 54.0 • 5.73 cos (37.2° 4- 20.8°) = 164 watts. Ans. 

Also, 

Pi « /;Pi;P2 = IIR 2 . 

62. Admittance, Conductance, Susceptance.— Admittance, conduct¬ 
ance, and susceptance are parameters similar to impedance, resistance, 
and reactance. Admittance is the reciprocal of impedance, and thus 
the two are related in the same manner as conductance and resistance 
are related in the d-c circuit. As is shown in the preceding sections, 
a-c circuits and networks can be solved by means of impedances 
expressed as complex quantities. However, the solutions of such 
problems often are facilitated by the use of admittance. 
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In (87) (p. 80), the current / in an inductive circuit, 


II 

■ . Zi ■ 

amp, 

[(87)1 

+ XI ^ Rl + Xl\ 

and in (88) for the capacitive circuit. 



II 

■ Xc ' 

amp. 

[(88)] 

The quantity within eacli of the bra(‘kets is called the admittance 
of the circuit and is denoted by Y. Since curfent is equal to the 
product of voltage and admittance, admittance is in the nature of d-c 
conductance and is expressed in reciprocal ohms or mhos (y). 

Hence 

Since 

/ = ^T. 


(93) 


II 




II 

'Nl- 


(94) 

and 



(95) 

It is also apparent that \Y\ == 1/1^1 and \Z\ = 
subscripts in (87) and (88) the quantity 

= 1/1^1* Omitting 


Ji -c 

R2 ^ Y“ 

mhos 

(96) 

is the conductance of the circuit. N('te that, when A" = 0,0 = 
with d-c circuits. Also, 

1/i?, as 


+ 1 '*<1 

II 

mhos 

(97) 

is the susceptance of the circuit. Note that, when /i = 0, B 
It follows from (87), (88), (90), (97) that 

= 1/Z. 


Y = 0±jB 

mhos. 

(98) 


The negative sign is used for the inductive circuit and the positive 
sign for the capacitive circuit. Note that, with an inductive circuit, 
the susceptance is negative^ whereas the recu^tance is positive; with a 
capacitive circuit, the susceptance is positive, and the reactance is 
negative. 
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From (87), (88), (98), 

/ = m ± jB) amp. (99) 

In Fig. 77(a) is showm the vector diagram for the inductive circuit 
in which is negative and tie current lags; in Fig. 77(6) is shown the 
vector diagram for the capacitive circuit in which jB is positive and 
the current leads. In both diagrams the voltage is taken along the 
axis of reals and JP = E + jO. From Fig. 77(a) and (6) it follows 




Fio 77.—Complex vector diagram with voltage along axis of loals. 


that with an inductive circuit the susceptance must l)e negative in order 
that the current may lag and with a capacitive circuit the susceptance 
must be positive in order that the current may lead. 

From Fig. 77(a) and (6), 

tan ^ (100) 

O 

cos & = p (101) 


Note that EG is the energy current (Sec*. 30, ]>. (>2). 
power 

F = E-EG = E'^G vatts. 
The quadrature current is EB and the reacti\%‘ i)ower 
Q = E • EB — E'^B vars. 

For unity power factor, 


2/? = B\ -f- B 2 Bz ‘ • = 0. 


Since ? = 1/Y, 

Z 


Hence, 


1 _ 1 G 

G-\-jB G+jBG 
G . B 
G-. 4. jp G? 4 £2 

P _ G 

a-i + 

G'‘ + 


-JR 

-jB 

= « - jx 

ohms, 

ohms. 


ohms. 


Hence, 

( 102 ) 

(103) 

(104) 


(105) 

( 106 ) 
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63. Parallel Circuit Using Admittances.— The parallel circuit, Fig. 
75 (p. 84), may be solved by means of admittances, the voltage being 
taken along the axis of reals. 


<?i = 

Gi = 


Rx 

Rl + X 
Yx 



= Gx- jBx 


Rz 




Yi = G,+jB, 


RI +XI 


mhos. 


mhos. 


Xr 

Rl + xg 


mhos. 


mhos. 


The total circuit admittance 

r = fi + Fs = ((7i + Gi) + ji-Bx + B,) = G ± jB mhos. 

j = = B{G ± jB) amp. 

P = E -EG = EKi watts. 

Power factor 

P.F. - cos 0 = 

64. Series-parallel Circuit Using Admittances. —The series-parallel 
circuit also may be solved by the use of admittances, the method 
being not unlike that described in Sec. 60 (p. 86). The admittance 
of the parallel-circuit element is first found. The impedance, the 
reciprocal of the admittance, is then obtained and is added to the 
series impedance, giving the total impedance of the circuit. This 
treatment of the paralk*! circuit is similar to that used in the d-c 
circuit when the conductance of each parallel element is first found 
and then these are added to give the total conductance of the parallel 
circuit. The resistance is the i*eciprocal of this conductance. The 
procedure is illustrated by solving the example of Sec. 60, Fig. 76. 


Example .—In Fig. 76 dotorrnine (a) admittance of each parallel branch; 
(6) adinittunce of parallel cireuil , (r) unpedaiieeof parallel circuit; (d) impedance of 
entire circuit; (f) admittance of entire circuit, (/) current; (g) voltage Eab across 
parallel circuit; (h) current in each parallel branch. 


(a) 


(b) 

(c) 


r. = G, - JBi = = 0 1333 - ^0.0667 mho. Ans. 

Vt = Gj + jB 2 = 25 "^ 64 ^ 25 +~64 ~ 0.0562 + j0.0899 mho. Am. 

y' = y, + = G' +jB’ = 0.1895 +j0.0232 mho. Axis. 

_ 1 0.1895 , 0.0232 

^ Y' (6.1895> + (0.0232)* •' (0.1895)* + (0.0232)* 

[see Eq. (95) p. 89] 


0.1895 .0.0232 

5;^0364 ^ 0.0364 


= 5.20 — iO.637 ohm. 


Afis. 
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(.d) ? 

(e) r ‘ 

1 

(f) I 
(si) Mob 
(A) 7i 

/. 


■ (6.20 - jO.637) + (4 4- j^) “ ».20 + ^6.36 ohms. Ans. 
1 1 9.20 - i5.36 


■ 9.20 - i5.36 
5.36 


? 9.20 +J5.36 

9.20 

84.7 + 28.7 •^84.7 + 28'7 

’ Ey ■= (liO +i0)(0.0811 -jO.0473) 

*= 8.92 — j5.20 amp. Ans. 

. « (8.92 -i5.20)(5.20 -^0.637) 

= 43.1 — j32.7 volts. Ans. 

‘ ^ahYi = (43.1 ~j32.7) (0.1333 -^0.0667) 
= 3.57 — j7.23 amp. Ans. 

'■ JS!abY2 = (43.1 -i32.7) (0.0562 +^0.0899) 
= 5.36 + y2.04 amp. A ns. 


0.0811 — yO.0473 mho. Ans. 


These results may be compared with those m Sec. 60. Other quantities such 
as Po, Pi| Pj, P) and power factor are found in the same manner as in Sec. 60. 

The foregoing methods illustrate the fact that alternating-current 
networks in the steady state may be solved by means of complex 
quantities, expressed either in terms of real and imaginary components 
or in polar (or exponential) form. Problems are solved exactly as 
are similar direct-current problems, complex impedances being sub¬ 
stituted for resistances. 


Example .—Consider the example of Sec. 58, Fig. 75, in which 72i = 8 ohms, 
Xl =* 12 ohms R 2 — 15 ohms, Xc = 20 ohms. 

Determine (a) admittance of each branch; (h) admittance of entire circuit; 
(c) impedance of entire circuit; (d) current in each branch; (e) total currcuit; 
(/) power in each branch; {g) total power; {h) power factor of entire circuit. 


(a) (7i = 

Pi = 


( 6 ) 


(c) 


64 -h 144 
12 


_8^ 

208 


= 0.0384 mho. 


-]2 

208 


64 + 144 
Yi = 0.0384 - y0.0577 mho. 
15 _ 15 

225 -h 400 625 

20 ^ 

625 


G. 


B2 == 


= —0.0577 mho. 

Ans. 

0.0240 mho. 


= ^ = 0.0320 mho. 


225 4- 400 
= 0.0240 + jO.0320 mho. 


Ans. 


\Y\ 

R 

X 

? 

1^1 

14.80 


A-jB ^ (0.0384 + 0 0240) + j(-0.0577 + 0.0320) 
= 0.0624 — J0.0257 mho. Ans. 

= V(0.0624 )2 -h76^2'^2 == 0.0676 mho. Ans. 


0.0624 


(0.0624)2 + (0.0257)2 
0.0257 


0.0676 mho. 
= 13.68 ohms. 

= 5.64 ohms. 


(0.0624)2 + (0.0257)2 
13.68 -b ^5.64 ohms. Ans. 

Vos.68)» + (5T6ip = 14.80 ohms. 
1 


Ans. 


0.0676 


{check). 


[(105)] 

1(106)] 
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(d) /, = 120(0.0384 - jO.0577) = 4.61 - j6.92 amp. Am. 
1/,1 = vWl)* + (6.92)>‘ = 8.32 amp. Am. 

/i = 120(0.0240 + j0.0320) = 2.88 +;3.84 amp. Am. 

|/a| = \/(2.88)* + (3.^* = 4.80 amp. Am. 

(e) / = /,+/, = (4.61 + 2.88) + j{ -6.92 + 3.84) 

= 7.49 — yS.OSamp. Ans. 

|i| = V(y.4'jWT (3W* = 8.10 amp. Am. 

Also, 

J ^ JPY = 120(0.0624 - y0.0257) 

= 7.49 — j3.08 amp (check). 

(/) Pi « EH^i = (120)20.0384 = 553 watts. Am. 

Pi « = (120)20.0240 = 346 watts. Ans. 

Also, 

Pi = /jPi;P2 = /^P2. 

(g) P = 553 + 346 = 899 watts. Ans. 

(h) cos 9 = Y = 00 ^ = 0.924. Arts. 

Also, 

P 899 

1 ^8.10 = « 


(Compare these results with those obtained in Sec. 58.) 



CHAPTER IV 


ALTERNATING-CURRENT INSTRUMENTS AND 
MEASUREMENTS 

With direct-current ammeters and voltmeters the magnetic field 
in which the moving coil operates is unidirectional and constant in 
magnitude, so that a very strong field can be produced by a pei mancnt 
magnet. Hence, for a given torque, the current in the moving coil 
can be small, and the instrument consumes but little poAver. How¬ 
ever, with alternating currents the magnetic 
field must be alternating and must be pro¬ 
duced by the current being mi^asured. 
Also, except where great accuracy is not 
desired, iron cannot be used in the magnetic 
circuit. Hence, alternating-current instru¬ 
ments require much more power to operate 
than do direct-current instruments. Also, 
there are the effects of inductance, indu(*ed 
currents in metal adjacent to the coils, and 
there are frequency errors that are not pres¬ 
ent with direct-current instruments. Henc(' 
the design of alternating-current instru¬ 
ments is more involved than the design of direct-current instruments. 

66. Electrodynamometer Principle. —Some alternating-current 
instruments operate on the electrodynamometer principle, Fig. 78. 

Two fixed coils FF' are in series and so connc'cted that their mag¬ 
netic fields act in conjunction. These coils may be considered as 
two parts of a single coil opened in the middle to alloAv the spindle 
of the moving coil to pass through. 

AT is a movable coil mounted on a vertical spindle. There is a 
hardened steel pivot at each end of the spindle, which turns in jeweled 
bearings. Two spiral springs similar to those used with direct-current 
instruments (Vol. I, C'hap. V) oppose the turning of coil M and at 
the same time conduct current to the coil. As ihe springs can conduct 
but a very small current, the movable coil is wound with fine wire. 

Assume that at some instant the direction of the magnetic field 
01 , due to the fixed coils, is from left to right. At the same instant, 
the current in coil M produces a field 02 whose direction is along the 

94 



Fig. 78.— Principle of electro- 
dynamometei. 
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axis of M. Coils tend to align themselves so that the number of 
magnetic linkages in the system is a maximum. The moving coil 
M, therefore, tends to turn in a clockwise direction so that its field 
will act in conjunction with 0 i. The turning of M is opposed by 
thfe control springs. 

The torque developed is proportional to <i>i, 02 , and sin where 0 
is the angle between the axis of coil M and the axis of coils FF\ As 
01 and 02 are proportional to the currents in the coils FF* and ilf, 
the torque is proportional to the product of 
the two currents and sin 

66. Electrodynamometer Voltmeter.-- 
Some alternating-current voltmeters oi)erate 
on the electrodynamometer principle. '^Jlie 
fixed coils FF', Fig. 79, are wound with fine 
wire and are connected in series with the mov¬ 
ing coil il/. A high resistaiice R is connected 
in series with the dynamometer to limit the 
current when the instrument is connected 
across the line. The current in the dyna¬ 
mometer, therefore, is proportional to the 
line voltage. The current causes coil M to 
turn, and the pointer attached to it moves 
over a scale graduated in volts. The scale is 
not divided uniformly, as is that of the direct- I ig. /9.~DiaRiam of dyna- 
current voltmeter, for the deflections are very moineter \ oitmoter. 

nearly proportional to the square of the voltage. The divisions at the 
lower part of the scale are cr(»wded so that poor precision is obtained. 
The divisions at the middle and upper ])ortions of the scale, however, 
are usually such that they may be read with precision. 

This dynamometer type of voltmeter takes about five times as 
much current as a direct-curix^iit voltmeter of the same ratiiig and 
consumes an appreciable amount of power. As the moving coil 
operates in a comparatively weak fi(4d, this type of instrument 
is very susceptible to stray fields, l^nless the instrument is shielded, 
wires carrying currents, inductive apparatus, and even iron alone, 
if brought too near, may cause large errors in the indications of this 
type of voltmeter. 

This instrument may be used for direct current as well as for 
alternating current. Reversed direct-current readings should be 
taken in order to eliminate the effect of the earth\s field and of any 
stray fields. As the deflections depend on the square of the voltage, 
the instrument reads rms values. 
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67. Inclined-coil Voltmeters.—The inclined-coil type of voltmeter 
operates on the electrodynamometer principle. It differs from 
the type described in Sec. 66 only in the geometrical relations of its 
fixed and moving coils. The axis of the fixed coil, Fig. 80, is set at a 
considerable angle with the vertical. The axis of the moving coil 
makes a considerable angle with the spindle. This moving coil 
is connected in series with the fixed coil, the current being conducted 
to the moving coil through light springs. A resistance to limit 
the current is connected in series with the instrument. 

When the pointer is at the zero position, there is a considerable 
angle between the axes of the fixed and moving coils. When current 
flows through the instrument, the moving coil tends to take such a 



Fiu. 80, —General Electric inclined-coil instrument. 


position that its axis coincides with tlie axis of the fixed coil, so that 
their magnetic fields act in conjunction. In turning, the moving coil 
is opposed by flat spiral springs. The scale is calibrated in volts. 

As this instrument is of the electrodynamometer type, it is adapted 
to both direct and alternating currents. 

68 . Dynamometer Ammeters.—Owing to the difficulty of conduct¬ 
ing even moderately large currents into the moving coil, dynamometer 
ammeters of the portable type and of the switchboard type are not 
common. It is not a simple matter to use a shunt, since the division of 
current between the moving coil and the shunt depends on the respective 
impedances and the impedances depend on the frequency. Hence, 
in its simplest form, the instrument would be accurate at one frequency 
only and with irregular wave shapes wi'uld be in error since such waves 
contain currents of higher frequencies. 

With the dynamometer-type ammeter, usually the entire current 
flows in the fixed coil, and only the movable coil is connected across 
the shunt. This reduces the voltage drop in the shunt. However, 
for most purposes the iron-vane typo of instrument described in 
Secs. 74 and 75 is so much simpler and less expensive that the shunted 
type is little used. 
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69. Wattmeter. —Alternating-current power is equal to the product 
of the rms current and the rms voltage only when the power factor is 
unity. The ammeter and voltmeter method, therefore, as used with 
direct currents, seldom can be used to measure alternating-current 
power. Consequently, a wattmeter is necessary for measuring alter¬ 
nating-current power. 

The wattmeter. Fig. 81, operates on the electrodynamometer 
principle. M is a moving coil wound with fine wire and is practically 
identical with the moving coil of the dynamometer voltmeter, Fig. 79. 
It is connected across the line in series with a high resistance R. The 
current is led into this coil 
through springs. The two fixed 
coils FF' are wound with a few 
turns of heavy wire, capable of 
carrying the load current. As 
there is no iron in the magnetic 
circuit, the field due to the cur¬ 
rent coils FF' is proportional to 
the load current at every instant. 

The current in the moving coil 
M is proportional to the volt¬ 
age at every instant. For any given position of the moving coil, 
therefore, the torejue is proportional at cveiy instant to the prod¬ 
uct of the current and voltage or to the instantaneous power of 
the circuit. If the power factor is other than unity, there is negative 
torque for part of the cycle. That is, during the periods when there 
are negative loops in the power curve, Fig. 24 (p. 28), the current 
in the fixed coil and the current in the moving coil are in such direc¬ 
tions as to produce negative torque. The torque varies from instant 
to instant and the torque-time curve is a double-frequency sine wave 
similar to the power wave, Fig. 24 (p. 28). Because of its relatively 
large moment of inertia, the moving-coil system assumes a deflec¬ 
tion proportional to the average torque or average power. The 
torque is also a function of the angle between the fixed- and 
moving-coil axes, but this factor is taken into account by the scale 
calibration. 

Where intermediate accuracy is satisfactory, the recent improve¬ 
ments in magnetic materials have made it possible to employ laminated 
iron in the magnetic circuit of wattmeters, including a fixed cylindrical 
core within the moving coil. Such wattmeters, called clectrodynamic 
wattmeters, can be made more compact than the noniron type, and 
the instrument losses are materially reduced. 


'r 



Fiti. 81. ~ Connectionb for wattmeter. 
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When correctly adjusted, a wattmeter reads the product 

Eyj * jTu; * COS Qfj 

where Ev, is the voltage across the potential circuit, 7 m* the current in 
the current coil, and a the angle l)etween Ev, and /«.. 

It should be noted in Fig. 81 that the voltage terminal marked 
O is connected directly to one end of the moving coil. This terminal 
always should be connected directly to that side of the line to which 
the current coil is connected. The fixed and moving coils are then 
at the same potential. If the moving coil is connected to the other 



Fi«. 82.—IncoTrpct method for connecting wattmeter. 

side of the lin(», the potential difference l)etweeii fixed and mox'ing 
coils is equal to the full-line potential. Fig. 82. In this diagram, the 
fixed coils are considered as being at zero or ground })otential. The 
moving coil is then at the potential of the other side of tlu‘ line, or 
550 volts, and this is the difference of potential that exists ))etween 
fixed and moving coils. This is dangerous bom the insulation stand¬ 
point, and electrostatic forces existing between the fixed and moving 
coils may cause an error in the instrument reading. (The wattmeter 
is described briefly in Vol. 1, Chap. V.) 

70. Wattmeter Connections. —In Fig. 83(aj, wattmeter W is shown 
measuring the power taken by a load. In order tc» measure this power 
correctly, the wattmeter current coil should carry the load current, 
and the wattmeter voltage coil, in series with its resistance, should be 
connected directly across the load. 

The current in the wattmeter current coil is the same as the load 
current; the wattmeter potential circuit is not connected directly 
across the load, however, but is measuring a i)otential in excess of 
the load potential by the amount of the imx)edance drop in the watt¬ 
meter current coil. The wattmeter reads too high, therefore, by the 
amount of power consumed in its own current coil. Under these 
conditions, t\ie true power 

P = P' ~ J^Pc, 


(107) 
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where P' is the power indicated by the wattmeter, I is the current 
in the wattmeter current coil, and Rc is the resistance of this coil. 
This loss ordinarily is of the magnitude of 1 to 3 watts at the rated 
current of the instrument and often may be neglected. 

If the wattmeter be connected as in Fig. 83(6), the wattmeter 
potential circuit is connected directly across the load, but the watt¬ 
meter current coil carries the potential-coil current in addition to 
the load current. In fact, the Avattmeter potential circuit may be 



(a) (6) 


Fit.. S.i.- Methods foi coimeetiUK wattmeter. 

Cimsidered as a small loud in parallel with the actual h)ad whose power 
is to be measured. Th(' powt^r consiimt^d by this potential circuit 
must be deducted, therefore, from the wjittmeter reading. The true 
power taken by the load is 

P = P' - (108) 

where P' is the wattmeter rt'ading, K tlie load voltage, and Pp the 
resistance of the wattmet(‘r potential-coil circuit. 

An idea of the magnitude of this correction may Ix' obtaiix'd 
from the folhnving example. 

Example. —A wattmeter indicates 1.57 ^\atts when eonneeted as shown in 
Fig. 83(6). The line ^oltape is 120 ^olts, and the rosisfanee of the wattmeter 
potential oireuit is 2,000 ohms. What powei taken by the load? 

120 -^ 

P - 157 - , ' = 157 - 7.2 = 149.8 w^atts. 

2,UUU 

It will be noted that a considerable percentage error would result 
in this case if the wattmeter loss were neglected. 

When correction for instrument loss is ne(*essary, the connection 
of Fig. 83(6) is preferable since the voltage, hence the potential- 
circuit loss, is usually constant. Also, the resistance of the potential 
circuit usually is given with the instrument. 

Compensated wattmeters have a small auxiliary coil, of the same 
number of turns as the fixed coils and interw'ound with th('m, con¬ 
nected in series with the potential circuit, opposing the mmf of the 
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fixed coils. This auxiliary coil produces a small countertorque that 
compensates for the power loss in the potential circuit. 

71. Wattmeter Ratings. —The current and potential circuits of a 
wattmeter must each have a rating corresponding to the current and 
voltage of the circuit to which the wattmeter is connected. A watt¬ 
meter is rated in amperes and volts rather than in watts, because the 
indicated watts show neither the amperes in the current coil nor the 
voltage across the potential circuit. 


Load 


FifJ. 84. —Wattmetoi, ainrnetoi, and vc»ltiiu'tei (ouriectioiis for measiiTinK i)owei. 

If the current in an ammeter or tlie voltage across a voltmeter 
exceeds the rating of the instrument, the pointer goes off scale and 
so warns the user. A wattmeter may be overloaded considerably 
and yet the load power factor be so low that the needle is well on the 
scale. For this reason, a voltmeter and an ammeter should be used 
ordinarily in conjunction with a w^attmeter, so as to deteimine if 
either voltage or current exceeds the wattmeter rating. 

Corrections for the power taken by ammeters and voltmeters often 
are necessary. For example, in Fig. 84, the 7‘^i?-loss of the ammeter 
and the of the voltmeter must be deducted from the w'att- 

meter reading, in addition to the w'attmeter potential-circuit loss. 
The ammeter reads too high by the current taken by the voltmeter. 
This voltmeter curi'ent must be subtracted vectorially from the ammeter 
reading in order to obtain the true load current. 

72. Polyphase Wattmeter. —Ordinarily, it requires tw^o or more 
wattmeters to measure the total powder of a tw^o- or a three-phase 
circuit (Chap. V). If the load fluctuates, it is difficult to obtain 
accurate simultaneous readings of tw'o w'attmeters. At powder factors 
less than 0.5, in a three-phase circuit, one of the w^attmeters reverses 
its reading (Sec. 96, p. 139). This necevssitates reversing the con¬ 
nections of one of the w’^attmeters, w'hich is often inconvenient. If 
both wattmeters be combined in one, that is, if both moving coils 
be mounted on the same spindle, the turning moments for the two ele- 
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ments add or subtract automatically, and the total power is read on a 
single scale. 

Figure 85(a) shows the construction of a Weston switchboard-type 
polyphase wattmeter in which the two elements are clearly shown, and 
Fig. 85(6) gives the interior connections. Figure 86 shows one 
method for connecting a General Electric polyphase wattmeter in 



Fig, 86. —Connections foi Gencial Electric polyphase wattnietei on thiec-phase circuit. 

a 3-wirc 3-pliase circuit. Note the symmetry of the connections. 
The two outer lines from the source connect to the two front current 
binding posts. Each of the two potential binding posts o, o connects 
to the source side of its current line. With this connection the watt¬ 
meter measures only the power consumed in its current coils. 

Although it is often more convenient to use a polyphase wattmeter, 
two single instruments are better adapted to precision work since 
it is a simple matter to apply individual scale corrections. Each 
element of a polyphase wattmeter must be carefully shielded so that 
there is no mutually inductive action of one element on the other. 
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78. Wattmeter Calibration. —A dynamometer wattmeter ordi¬ 
narily is calibrated with direct current, the connections for calibration 
being shown in Fig. 87. The voltage across the potential circuit is 
measured with a standard direct-(*urrent voltmeter. The current 
is measured accurately by means of a potentiometer, although a 
standardized direct-current ammeter is often sufficiently accurate. 



Both curre^xt and potential are reversed at each reading to eliminate 
the effect of the earth’s field or of any stray field. [One position 
of the switches must give the connection of Fig. 82, so that the 
calibration voltage should not l)e high.] The true power in watts is 
given by the product of current and voltage, since direct current is 
used. 

IRON-VANE INSTRUMENTS 

74. Voltmeters. In Vol. 1 (Cliaj). V), it is pointed out that d-c 
instruments de'])ending on the solenoid action of an iron plunger are 
not satisfactory as ammeters. By the use of light iron vanes, jeweled 
bearings, etc., satisfactory types of commercial alteinating-current 
instruments, based on the principle of magnetiz(‘d iron, have been 
developed. 

One such fype, manufactured by the Weston FJectrical Instru¬ 
ment Company, is shcmn in Fig. 88. 

A small strip of soft iron M, bent into cylindrical form, is mounted 
axially on a spindle, which is free to turn. Another similar strip F, 
more or less wedge-shaped and with a larger radius than M, is fixed 
within a cylindrical coil. The cylindrical coil is Avound with fine wire 
and is in series with a high resistance. When connected across the 
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line, the current through the instrument is proportional to the circuit 
voltage. When current flows through this exciting coil, both iron 
vanes become magnetized. The upper 
edges of the two strips will always have the 
same magnetic polarity; and the lower edges 
will always have the same magnetic polar¬ 
ity, but when the upper edges are r?-poles, 
as shown, the lower edges are s-polcs. 

There will always be a repulsion, therefore, 
between the two upper edges and also be¬ 
tween the two lower edges of the iron strips. 

This repulsion tends to rotate the spindle 
against the action of two springs. A 
pointer mounted on the spindle move^ over 
a graduated scale and indicates the voltages 

This type of instinimeid can be used non-varp 

. , X -xi •• typo instiunuMit. 

for direct current with a pjecisioii ot 1 oi* 2 

pt r cent. Its obvious ad\antages are its siinjilicity, its low cost, 
and the fact that there is no current conducted to the moving element. 
When carefully calibrated, a precision of 0.5 ]>er cent and better can 
be obtained with alternating current. This type of instrument cannot 

be calibrated with a high degree of precision 
with direct current on account of the effect of 
hysteresis on the vanes. It should be cali¬ 
brated by comjiarison with an alternating- 
current standaid. Air damping is obtained 
by the use of a light aluminum vane moving in 
a restricted space. 

i'hc iron-vane principle has l)een applied 
to the inclined-coil type of instrument. A 
small iron vane, mounted obliquely on the 
spindle, Fig. 89, replaces the inclined moving 
coil of Fig. 80 (p. 90), When the pointer is at 
zero, this vane lies at an angle to the coil axis, 
as at a. When current flow^s in the coil, the vane attempts to take such 
a position that the direction of its axis shall coincide with that of the 
magnetic field, which acts along the coil axis. This position is shown 
at 6. The vane, in seeking this position, turns the spindle that carries 
the pointer. The turning moment is ojiposed by springs. Iron 
laminations that surround the coil shield the instrument from stray 
magnetic fields. Magnetic damping produced by a light aluminum 
vane moving between the poles of permanent magnets is employed. 



Fia. 89.— IiKlined coil, 
iroii-vaiio t> pe of mstru- 
irient. 
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76. Ammeters. —Owing to the difficulty of conducting any except 
the smallest currents into the moving system of dynamometer instru¬ 
ments, iron-vane ammeters are practically the only type used for com¬ 
mercial instruments. The Weston iron-vane ammeter operates on 
the same principle as the iron-vane voltmeter (Sec. 74). The magnetiz¬ 
ing coil in the ammeter is wound with a few turns of larger size wire 
rather than with the large number of turns of fine wire used in the 
voltmeter. 

The General Electric Company’s inclined-coil ammeter is of the 
same construction as the voltmeter, except that the coil is wound with 
larger size wire rather than with fine wire, Fig. 89. 

76. Thermocouple Instruments. —Alternating currents are also 
measured by means of the thermocouple principle. It is we\l known 
that if the junction of tw’o wires of unlike metals (such as iron and a 
copper-nickel alloy) be heated and the free, or ^Vold,” ends are con¬ 
nected to a millivolt meter, an emf results (Seebeck effect). In thermo¬ 
couple instruments the heater is a wire of resistor alloy (*onne(‘ted 
between two metal blocks. Fig. 90(a), and through wiiich the current 
to be measured flows. The heater wire has practically zero tem¬ 
perature coefficient of resistance, and the instrument scale can be 
calibrated in terms of the current in the heater circuit. The thermal 
emf is proportional to the difference of temperature l)etween the hot 
junction and the points at wiiich the thermoleads are connected to 
the copper leads. Temperature changes, due to ambient conditions, 
which affect the cold ends to a different degree from the hot junction, 
introduce error. To avoid such errors, it is common practice to ter¬ 
minate the resistor wire or heater in rather massive metal blocks and 
then bring the points at winch the tlicrmo-leads connect with the copper 
leads into good thermal contact with the blocks. Usually this is 
accomplished by connecting the leads to thin copper plates. Fig. 90(o), 
and separating the plates from the blocks by thin mica. This is called 
cold-juriclion compensation. 

The millivoltmeters used with thermocouples must be necessarily 
much more sensitive than those used with shunts, for the output volt¬ 
age of the thermocouple may bo only 15 mv and tlu' internal resistance 
6 ohms. Accordingly, thermocouple instruments are delicate and 
should be handled carefully. (With ordinary shunts the full-scale 
voltage drop is 50 mv.) 

Since the heater temperature increases as the square of the current 
(7*/^), if the usual d-c millivoltmeter with uniform scale were used 
the scale would follow a square law, which is undesirable for many 
applications. To correct for this, the air gap is increased so that the 
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flux density is diminished as the coil moves toward the upscale posi¬ 
tion, Fig. 90(6). This diminishes the sensitivity as the pollster moves 
upscale, and thus a nearly linear scale is obtained. 

Since the operation of the instrument is based on the heating 
effect of the current (PR), its indications are proportional to rmd 
values. By using a small heater wire and a high resistance in series, 
the instrument can be used as a voltmeter. This type of instrument is 
used commonly for radio-frequency measurements; and since its 
indications are based on the heating effect of the current, it can be 
calibrated with direct current. 




Fig. 90. —Thermocouple instrument. {General Electric Co.) 

77. Rectifier-type Instruments.—Another method of using a d-c 
instrument of the permanent-magnet type for measuring alternating 
current is to employ a i*ectifier. The indications of the d-c instrument 
will be proportional to the average value of the rectified wave, Fig. 91 (6) 
(see Sec. 7, p. 13). With a sine wave the ratio of rms value to aver¬ 
age value, or the form factor, is 1.11 so that for a sine wave under these 
conditions the instrument indications have a definite rms value. The 
copper-oxide or selenium type of rectifier is employed ordin."»rily, and 
the bridge connection. Fig. 91(a), is used since it gives full-wave 
rectification. Fig. 91(6) (see Sec. 336, p. 555). In Fig. 91(a), the 
arrows show the direction of current when terminal a is positive. 
It is clear that when terminal 6 is positive the directive action of the 
rectifiers still causes the current to enter the positive terminal of the 
instrument. 

In using the instrument, it must be remembered that except for 
sine waves the form factor is usually other than 1.11 so that the instru¬ 
ment may be considerably in error with nonsinusoidal waves. Also, 
some aging of rectifiers occurs in service, and the instrument is affected 
by temperatures of 50°C or greater. Hence, with such instruments 
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the stated accuracy is given usually as ± 5 per cent of full scale. How¬ 
ever, because of their sensitivity and uniform scale, they are widely 
used. The circuit to the instrument never should be opened when 
the rectifier is connected to the line, since this causes full voltage to 
be impressed across the rectifier plates, which may damage them. 
The instrument may be used with a shunt to measure current or in 
series with a high resistan(‘e to measure voltage. Rectifier instru 
ments are widely used for radio-frequency measurements. 



(a) Bridge rectifier circuit 

1m u 91.—Ilcctifier-typo a-o instrument. 


78. Alternating-current Watt-hour Meter. —The direct-current 
watt-hour meter can be Uvsed with alternating current, as the reversal 
of line voltage reveises both its armature and lield current simul¬ 
taneously ar.vl the direction of the toripie remains unchanged. At 
low power factors, however, consideral)le error may be intioduced by 
the inductance of the armature circuit. This causes the armature 
current to lag the line voltage by a small angle; and although this 
has negligible effect at or near unity power factor, the error at low' 
power factor is quite pronounced. This error may be compensated 
by shunting the current coils of the meter with a low noninductive 
resistance. 

The induction watt-hour meter is so much cheaper and so superior 
to the direct-current type that there is little necessity for using the 
direct-current type on alternating-current circuits. 

A rear view of a typical induction meter is showm in Fig. 92. P is 
a potential coil that is highly inductive and is placed on one lug of the 
laminated magnetic circuit, this lug being over the aluminum disk 
D. CC are tw'O series or current coils placed on two projecting lugs 
beneath the disk. These coils are so wound that, if one tends to send 
flux upw'ard, the other tends to send it downward. A small auxiliary 
or compensating Avinding cw is placed on the potential lug, and its 
ends are connected to the resistance R, In order that the meter may 
register correctly, the potential-coil flux must lag the line voltage by 
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90°. As it is impossible to make the resistance of the potential coil 
zero, its current will lag by an angle less than 90°. At low power 
factors, this introduces considerable error in the meter registration. 
By properly adjusting the resistance /?, however, the potential-coil 
flux may be brought into the 90° relation, and the meter will register 
substantially correctly at all power factors. To adjust the compensa¬ 
tion, the meter is made correct at unity power factor, and then the 
power factor is dropped to some low value, as 0 5. If the registration 



is now in error, tliis is due to improi>er compensation. The meter is 
again made to register (*orrectly by changing the resistance /?, the two 
small wires of this resistance being either twisted or untwisted and 
then soldered. If the meter undenegisters when the load current 
lags, the resistance N should be decreased; if the meter overregisters 
Avith lagging current, tlu' resistance H should be increased. The reverse 
is true with leading current. 

L is a small metallic stamping placed under the potential lug and 
can be moved laterally by means of the lever K. Its function is to 
provide the small torque necessary to compensate the friction of the 
meter. jrThe operation of this adjustment is as follows: Figure 93 
shows the stamping under the lug, set olf center. When the flux 
begins to increase dovmwardly through the lug, a current is induced in 
the short-circuited stamping. This current, by Lenz’s law, opposes 
the flux entering the stamping, so that during this period the flux is 
crowded to the left-hand side of the lug, as shown. When the flux 
begins to decrease, the current in the short-circuited stamping tends to 
oppose the decrease in the flux. This retards the time phase of the 
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flux in the right-hand side of the lug with respect to that in the left- 
hand side of the lug. The result is a sweeping of the flux from left to 
right across the lug. This sliding flux cuts the disk and causes eddy 
currents to be induced in it. These currents, reacting with the flux, 
produce a torque tending to drive the disk in the direction in which 
the stamping is displaced from its position of symmetry. This is 
the ‘‘shaded-pole” principle, which is also used to start small single¬ 
phase induction motors (see Sec. 212, p. 379). 



Fig. 93.—Shaded-pole principle of hght-load adjustment. 

The meter operates on the induction-motor principle (p. 305) 
although the field glides^' linearly along the air gap rather than hav¬ 
ing a circular direction about a cylindrical armature. The production 
of the drlring torque at unity power factor is illustrated in Fig. 94. 
The line voltage JS?, the instantaneous values of which arc shoAvn in 
(a), is impressed across the potential circuit of the watt-hour meter. 
If the meter is properly lagged, the potential flux <^7, lags E by 90®. 
The current wave I is in phase with the voltage wave E; also, the 
flux <l>iy due to the current coil, is in phase with I. In (b) is shown the 
magnetic polarities of the meter poles for the various times indicated 
in (a). At 1, the current is zero so that no flux is produced by the 
current coils. The potential-coil flux is a negative maximum so that 
the potential pole is S, The two current lugs^ therefore, must be 
A-poles. At 2, the potential-coil flux is zero, but the current is a 
maximum. Therefore, the lower poles will be S and N as showm, and 
the potential lug will have an N on one side and an S on the other. 
At 3, the upper lug is A, and the two lower ones S. Times 4 and 6 
also are shown, 5 corresponding to 1. 

In (1), the entire upper lug is an S-pole. In (2), this S-pole has 
diminished in magnitude and has moved toward the right-hand side 
of the lug, and an JST-pole appears on the left-hand side of this lug. 
In (3), an JNT-pole occupies the entire upper lug; in (4), this has dimin¬ 
ished and moved toward the right side of the lug. 
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A similar cycle takes place on the two lower lugs. In (1), both 
lugs are iST-poles, making one large iV-pole. In (2), this large N-pole 
has diminished and moved toward the right, being followed by an 
5 -pole appearing on the left. In (3), the iV-pole has disappeared on 
the lower lug, both lugs becoming 5-poles, etc. By following the 






N 


(4) 



Fig. 94.—Gliding field in air gap of induction watt-hour meter. 


cycle, it will be observed that an iNT-pole moves from left to right on 
both the upper and the lower lugs. Similarly, an 5-pole does likewise, 
following the iNT-pole. The field, therefore, “glideslaterally through 
the gap. In so doing, it cuts the disk and induces eddy currents therein. 
These eddy currents react with the gliding field, and by Lenz^s law 
the disk tends to follow the field (Sec. 182, p. 307). 

If the power factor be zero, Fig. 94(a), either will be in time 
phase with if the current lags or will be 180° out of phase with tl>p 
if the current leads. In either case, if instantaneous values of flux be 
taken, Fig. 94(b), it will be found that there is no lateral displacement 
of the field in the gap but merely a sinusoidal pulsation of flux in the 
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gap. Under these conditions, the torque acting on the disk 
Just as in the d-c meter, the retardin^i torque is produced by the is s 
cutting a field of constant strength produced by permanent magnets. 
This causes a retarding torque that is proportional to the angu ar 
velocity of the disk. Both the driving torque (motor action) and the 
retarding torque (generator action) are produced on the same disk. 

79. Calibration of the Induction Watt-hour Meter. The induc¬ 
tion watt-hour meter is calibrated in much the same manner as the 



Load 


Fin. 05.—Connections foi tehting alteinatinK-cuncnt watt-houi iiioter. 


d-c watt-hour meUo*. A standard indicating wattmetco’ is used to 
measure the average poAver over a stated inter\'al, and the revolutions 
of the disk of the watt-hour meter are counted wdth the aid of a stop 
watch. The average meter Avatts are calculated by means of the 
equation 


Tj- _ K N 3,()00 


(109) 


where K is the meter constant, N the nw^ohitions of the disk, and t 
the time in seconds. 

The connections for making the test are show'n in Fig. 95.^ As a 
rule, an ammeter and a voltmeter are used with sucli a test in order to 
determine the power factor. Instrument losses should be carefully 
investigated and corrections made if neccvssary. 

After the meter is adjusted at full load and unity power factor by 
means of the retarding magnets, it is adjusted at light load by means of 
the light-load adjustment. The power factor is low^ered. Any error 
occurring now must be due to improper lagging. The registration 
then is made correct by adjusting the resistance Fig. 92, which is 
in series with the lagging coil. If the meter registers low Avith lagging 
current, the resistance R should be d('creased; if it registers high, the 

^ Most laboratories are provided with phase shifters for changing the phase 
angle between voltage and current so that any desired power factor may be 
obtained. (See F. A. Laws, '‘Electrical Measurements.”) Where several meters 
are calibrated simultaneously, as by manufacturers and utilities, one method is to 
compare the angular velocities of the disks of the meters under test with the 
angular velocity of the disk of a rotating standard. Stroboscopic methods also 
are employed. 
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resistance R should be increased. With leading current these opera¬ 
tions should be reversed. 

The induction watt-hour meter has advantages over the d-c meter. 
As there is no coil-wound armature in addition to the disk, the rotating 
element of the induction me^ter is much lighter than that of the d-c 
meter. It has, moreover, no commutator or delicate brushes, which 
increase friction and are frequent sources of trouble with the d-c meter. 

The induction meter also is made in the polyphase type. Two 
single-phase elements act on a common spindle. There aie two sets 
of damping magnets.^ 

80. Frequency Indicators.—Some types of frequency indicators 
are based on the effect of frequenev upon the cun i nt in electric cir- 



Pia. 96.—Frahin Mhiating-ietni fiequency ni€‘toi. 


cuits. The moving element is actuated by the joint effect of the cur¬ 
rents in two shunt circuits, one containing inductance and the other 
either resistance or capacitance. A change of frequenev produces 
opposite effects on phase and magnitude of the currents in the two 
circuits and causes the moving element to deflect. Hence the instru¬ 
ment scale may be calibrated in terms of frequency. 

In another type, current is supplied to the moving element through 
three circuits having different resonant frequencies, such as 72, 68, 
and 36 cycles for a 60-cycle instrument. As the frequency changes, 
the current in the moving element changes in both phase and magni¬ 
tude, which causes the element to change its position, and the scale 
can be graduated in cycles.^ 

A simpler but less precise type of frequency indicator is based on 
the principle of mechanical resonance. A number of steel reeds, each 
having a white index on its end, arc clamped between two metal strips. 

^ For a more detailed analysis, see F. A. Laws, Electrical Measurements,” 
or "Standard Handbook,” Sec. 3. 
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The mechanical frequency of vibration of each reed is different. 
Behind this bank of reeds there is an electromagnet, the coil of which 
is excited by the circuit whose frequency it is desired to measure. The 
reed whose natural frequency is the same as the frequency of the cir¬ 
cuit will vibrate with the greatest amplitude, Fig. 96. With the 
exception of one or two reeds w^hose natural frequency is near this 
value, none of the others will be affected. The frequency is deter¬ 
mined, therefore, by noting the scale reading opposite the reed that 
vibrates with the greatest amplitude, Fig. 96. Were the reeds unpolar¬ 
ized, they would be attracted equally well by either a north or a south 
pole. An adjacent permanent magnet keeps the reeds polarized, so 
that the reed of a particular mechanical frequency w ill respond to the 



Fig. 97.— Principle of Tuina phase meter. 


same electrical frequency. The reeds are usually arranged so that 
there is a reed for every half-cycle. 

81. Power-factor Indicators.—Power-factor indicators and syn¬ 
chroscopes are based on the principle of the Tuma phase meter. In 
Fig. 97, F is a fixed coil carrying the circuit current. MM' are two 
fiat coils wound with fine wire; they are fastened together rigidly 
and mounted on a spindle free to rotate. There is no mechanical 
control whatever of this moving element. The angle between the 
coils is 90®, or nearly so. The windings of the two coils MM' are 
connected together at the common point A, and A is connected to 
the same side of the circuit as F. A noninductive resistance R is con¬ 
nected between M and the other side of the line. A high inductance 
L is connected between M' and the side of the line opposite A . Assume 
for the moment that the currents in M and M' differ by 90® in time 
phase. Also assume that the power factor of the load is unity. Under 
the assumed conditions, the current in coil M' lags the line voltage by 
90®, hence lags the flux due to coil F by 90®, and therefore exerts no 
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torque. The current in coil M is in time phase with the line voltage 
and hence with the flux due to coil F; coil M, therefore, will move into 
the plane of coil F, as there is no restraining torque. Hence, at unity 
power factor, the entire moving element takes such a position that the 
coil M is in the plane of coil F. 

If the power factor of the load is zero, the current and the 
voltage differ in phase by 90°. Hence, the current in coil M and the 
flux due to coil F have a time-phase difference of 90°, and coil M exerts 
no turning moment. The current in coil ilf', however, is now in time 
phase with the flux due to coil F, and, therefore, coil ilf' will move 



Into the plane of coil F. The moving system them will have a position 
90° from its position at unity pow’er factor. That is, when the current 
changes its time phase by 90°, the moving (dement of the indicator 
changes its space position by 90°. The direction in which the clement 
turns depends on wiiether the current lags or leads the voltage. For 
intermediate powder factors, it can be shown that the angle of the mov¬ 
ing system corresponds to the circuit power-factor angl(\ If the scale 
is calibrated in degrees, the pointer can be made to indicate the powder- 
factor angle of the circuit. To make the indicator read power factor, 
it is necessary merely to make the scale divisions proportional to the 
cosine of the power-factor angle. In practice, the current is led into 
the moving system through strips of annealed silver foil, which exert 
no appreciable control on the moving system. 

As it is impossible to obtain either a pure resistance or a pure 
inductance, the currents in coils M and 71/' will not differ by exactly 
90° in time phase. It can be showm that, if the space angle between 
coils M and M' be made equal to the angle of phase difference of their 
currents, the instrument indicates correctly. 

If the angle between the tw^o coils MM' be made 120°, Fig. 98, the 
instrument can be made to indicate 3-phase power factor, if the system 
is balanced. A noninductive resistance R now is connected in series 
with each of the moving coils. The fixed coil is connected in one line 
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of the 3-phase system, and the common terminal of the two moving 
coils connects to this same line. The other terminal of each of the 
moving coils connects to one of the other two lines of the 3-phase 
system, Fig. 98. This is the scheme of connections for the power- 
factor indicator of the General Electric Company, so often seen on 
switchboards. The instrument indicates the 3-phase power factor if 
the system is very nearly balanced. If the system is unbalanced, the 
reading has little if any significance. 

82. Synchroscope.—Before connecting an alternator to the bus bars 
and in parallel with other alternators, it is necessary not only that its 



Fia. 99.—OohS section of Generiil Electric synchroscope. 


voltage be the same as that of the bus bars but that it be in phase 
opposition as well. This corresponds to having d-c generators of the 
same polarity before connecting them in parallel. 

A synchroscope is an instrument for indicating v hen machines are 
in the proper phase relation for connecting in parallel and at the same 
time for showing whether the incoming machine is running fast or 
slow. This type of instrument is based on the principle of the powder- 
factor indicator (Sec. 81). 

A diagram of the General Electric type of synchroscope is shown in 
Fig. 99. A and D show the cross section of the 2-phase windings of a 
small cylindrical stator similar to an induction-motor stator. A cross 
section of the iron core is shown crosshatched as S. There are two 
distributed windings, displaced 90° from each other (see Fig. 265, p. 
308). One of these windings is energized by current I a and the other 
by loi which are displaced 90° in time-phase by the resistance-ca- 
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pacitance phase-splitting network R, R, Caj Cd- Thus a true rotating 
field is produced within the stator. The moving element consists of 
two light nickel-iron vanes F, V, connected by a sleeve of the same 
material and mounted on a horizontal spindle with no mechanical 
control. The vanes point in opposite directions. The moving system 
is excited from the running machine by a coil P concentric with the 
sleeve. Thus, when the end of one vane is an iV-pole, the end of the 
other is an A^-pole. 

Assume that the field produced by the winding energized by I a 
is parallel to the paper and that energized by /d is perpendicular to the 
paper. Also assume that the cur¬ 
rent Ip in coil P is in phase with 
the voltage of the running machine 
and that I a is in phase with the 
voltage of the incoming machine. 

When the emf of the incoming ma¬ 
chine is in phase with that of the 
running machine, the field due to 
Ia will be in time-phase with Ip 
and the vanes F, F vill assume a 
position parallel to the paper as 
shown and the pointer can be ad¬ 
justed to the position over the in¬ 
dex, Fig. 100. The field due to 
Id will have no effect under these 
conditions since the flux is displaced 90° in time-phase from the cur¬ 
rent Ip. On the other hand, if the phase of the emf of the incoming 
machine differs by 90° in time-phase from that of the running machine, 
current Id will be in phase with Ip and the vanes F, F, and pointer 
will assume a position 90° to that shown in Figs. 99 and 100. Thus 
the pointer indicates the phase angle between the incoming and running 
machines. If there is a difference betAveen the frecjuencies of the 
incoming and running machines, the pointer rotates at a speed Avhich is 
ecjual to this difference, the direction of rotation showing whether 
the incoming machine is *4'ast'' or ‘‘slow.'^ The generator switch 
usually is throAvn when the pointer is rotating slowly in the ^‘fast^^ 
direction and is approaching the index. In Fig. 100 is shown the 
exterior view of the assembled synchroscope. 

83. Electromagnetic Oscilloscope and Oscillograph.^—It is often 
desired to investigate transient conditions in electric circuits, such, 

^ The term ^'oscillograph^' is used when a photographic or other record of a 
varying electrical quantity is made. The term "oscilloscope" is used when the 
instrument only makes visible the varying electrical quantity. 



IiG. 100.—Exterior view, General Elec¬ 
tric synchroscope. 
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for example, as the current and voltage relations during the 
a fuse or during the short circuit of an alternator or in osci a ions 
produced by switching, etc. Further, it is desirable to have appara us 
that will show the current and voltage wa\^es in alternating-c urren 
circuits during steady conditions. The oscillograph is an instiumen 
that is capable of meeting these requirements. 

Its principle is quite simj^le, being that of a D’Arsonval galvanom¬ 
eter (Vol. I, Chap. V), Fig. 101. A small phosphor-bronze or silver- 
alloy strip, or filament, is stretched over two clefts CC, around a small 
pulley P and back again. The spring S acting on the pulley keeps the 
two lengths of the strip in tension. This strip is jdaced between the 
poles of a strong permanent magnet or an electromagnet. When a 



Fio. 101Vibrating ele¬ 
ment of oscillograph. 



drawing out vibiating beam 
into uave. 


current flows through the filament, one length of the hlament moves 
outward and the other inward. A very small mirror M is cemented 
across the two lengths of the filament and is given a rocking motion by 
the movement of the filament. If a beam of light be reflected from 
the mirror, it will be dravm out into a straight line by the mirror vibra¬ 
tion. If the beam of light be made to strike a rotating mirror, in 
the manner shown in Fig. 102, the rotation of the mirror introdiic(\s a 
time element and the w^ave is draA\Ti out so that its characteristics are 
shown. 

The instrument is merely a galvanometer having a single turn and 
a very light moving element whose moment of inertia is very small. 
Also, the filament is under consideralde tension so that its natural 
frequency of vibration is high, being from 3,000 to 10,000 cy(*les per 
sec. These characteristics are necessary in order that the filament 
may respond accurately to the comparatively high frequency varia¬ 
tions which it is called upon to follow. The moving element is usually 
immersed in oil so that its movement is properly damped and the 
filament is kept cool. 

Figure 103 shows the general arrangement of a typical oscilloscope or 
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oscillograph. The light from the filament of an automobile headlight 
first passes through two spherical focusing lenses and then strikes the 
two total-reflecting prisms. These prisms deflect the beams at right 
angles and direct them through the slits to the vibrator mirrors. The 
slits are adjustable and serve to reduce the section of the beam so that 
a fine line is obtained when the wave is traced or photographed, Fig. 
104. The mirrors reflect the light back to the rotating mirror, which 
in turn reflects it, drawn out as a wave, through cylindrical lenses to 
the viewing screen and also to the camera if a photographic record is 
desired. The cylindrical lenses further concentrate the beam, but in 
one plane only. The rotating mirror is driven usually by a small syn- 



Fig. 103.—Optical system and connections of oscillograph. 


chronous motor operated from the same circuit to which the vibrators 
are connected, so that the waves on the viewing screen remain station¬ 
ary in position, A standard roll-film camera casing may be used for 
photographing. Fig. 103. It is necessary to provide a suitable attach¬ 
ment to hold it and a properly timed shutter for giving but a single 
exposure. 

Another method of obtaining a photographic record is to wind the 
film about a cylindrical drum within a light-tight casing provided \\ith a 
naiTow transverse opening and a shutter. The casing and cylinder 
are located so that the light comes directly from the mirrors to the 
film without striking the rotating mirror. Were the film drum station¬ 
ary, only a straight line would appear on the film, due to the deflec¬ 
tions of the vibrators. When the drum is rotated, however, a time 
axis is provid('d by the motion of the film. 

In some designs a resistance Rl in series with the automobile head¬ 
light is momentarily short-circuited by the shutter mechanism when a 
photograph is being taken, thus momentarily giving an intense beam. 

In viewing and in photographing, speeds other than the fixed speed 
provided by the synchronous motor frequently are desired. To obtain 
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such flexibility of speed a variable-speed direct-current motor also i 
provided for driving the film drum and the mirror. ^ 

The oscillograph vibrators are connected into the circuit in the 
manner as d-c ammeter and voltmeter coils are connected, Fig. 1 
As the current vibrator can carry but a small ciirrent about^ 0.1 
amp—it is connected in parallel wth a noninductive shunt that is in 
series with the line. The voltage vibrator is connected across the 



Fig. 104.^*—OscilloRram bhowiiiK voltage wave, and exoiting-einrent ^\ave to batuiated 
transformer core. {Cowrtesy of C, T. Welhr, General Electric Co.) 


line in series with a high noninductive resistance. The current vibra¬ 
tor then will vibrate Avith an amplitude proportional to the circuit 
current and in phase w'ith it. The current through the voltage vibra¬ 
tor will be proportional to the circuit voltage and in phase with it. 

Figure 104 shows an oscillogram of a .sinusoidal voltage wave E, 
applied to a saturated transformer core, and the re.sulting exciting 
current I. Note that the saturated core “peaks” the current wave, 
introducing harmonics (sec p. 07 and footnote, p. 253). 

84. Cathode-ray Oscilloscope. —Although the electromagnetic-type 
oscilloscope, or oscillograph, can respond accurately to frequencies as 
high as 6,000 cycles per sec, even the small moment of inertia of the 
vibrating system is too great for accurate response to high frequencies, 

‘From "Deviation Factor vs. Output of Sine-wave Generators” by C T 
Weller, <?en. Elec. Rev., March, 1946, pp. 60-65. 
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particularly those in higher audio range and in the radio range.. Also, 
the magnetic oscillograph has far too much inertia to follow ultra- 
high-speed transients such as lightning and lightning-generator dis¬ 
charges. In the cathode-ray oscilloscope, however, the deflected 
element is an electron beam, whose inertia is sensibly zero, so that 
the oscilloscope can respond accurately to transients that occur even 
in a fraction of a microsecond (millionth of a second). 



Voltage 

Generator 

Fio, 105. Ba.sic coinjjonents of lepiesentative cathode-ray obcillograph. 

A block-aiid-circuit diagram of the oscilloscope is shown in Fig. 
105. The left-hand end of the tube contains the ‘‘electron gun/^ 
one element of which consists of an indirectly heated tungsten cathode. 
The heated oxide coating on the end of the cathode sleeve emits 
electrons. These are accelerated and drawn into a thin beam by the 
electric field produced by the intensity-control electrode and the focus¬ 
ing electrodes. The beam converges and has a minimum cross section 
in the vicinity of the intensity-control electrode or grid. The beam 
then diverges until it passes through the focusing anodes. The electric 
field produced l)y these anodes causes the beam to converge so that it 
reaches the fluorescent screen “focused'' in a small spot. The 
intensity-control electrode usually is operated at a potential of about 
100 volts below or negative to that of the cathode. By varying 
this bias by means of the intensity control, the beam current and 
brightness of the spot on the sci-een may be regulated and even shut 
off entirely. By varying the potential of the first focusing anode 
with respect to that of the accelerating electrode, by means of the 
focus control, the spot may be properly focused on the screen. The 
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different potentials that are applied to the foregoing electrodes are 
obtained from a potential divider supplied with direct current from a 
rectifier and filter, not sho^vn. 

After the electron beam leaves the electron gun, it passes between 
two horizontal and between two vertical electrostatic-deflection 
plates designated as the II and the V plates. Also the symbols X 
and Y are used by some manufacturers to designate these plates and 
their associated control circuits and amplifiers. By impressing poten¬ 
tial on these pieces the beam may be deflected both horizontally 
and vertically. Since the electron beam consists of negative charges 
in motion, it deflects toward the positive plate. Usually, the wave 
whose amplitude is to be observed is impressed on the vertical deflect¬ 
ing plates, which cause the beam to be deflected in a vertical plane in 
proportion to the amplitude of the wave. The time axis is produced 
by a saw-tooth voltage generator, or sweep circuit,’’ which applies a 
practically uniformly ijicreasing potential to the horizontal deflecting 
plates and so causes the beam to sweep across the tube, usually from 
left to right. The beam is quickly snapped” back from the right 
position to the left. The return may be ^^trace-blanked” by applying 
a suitable potential to the intensity-control electrode at the instant 
of the return. The sweep may be internally synchronized with the 
a-c input to the vertical deflection plates or synchronized with any 
desired extcx'nal signal by means of the syncdironizing selector switch. 

The beam may be positioned in both the horizontal and the vertical 
direction by means of the horizontal and vertical positioning controls, 
which adjust the magnitude of the d-c polarizing potentials applied to 
the horizontal and vertical plates. The ''deflection factor” of the 
cathode-ray tube is about 20 to 200 d-c volts per in. Where the 
signal voltage is too low to give sufficient deflection of the beam on 
the screen, it may be amplified by means of wide-range am}>lifiers 
built into the oscilloscope as conveniently available auxiliary devices. 

The d-c polarizing voltages necessary for the cathode-ray-tube 
electrodes and the plate voltages for the amplifiers and saw-tooth- 
voltage generator are supplied by electronic rectifiers also incorporated 
within the oscilloscope. 

The screen material, which is coated on the inside wall at the right- 
hand end of the tube, fluoresces, usually green, when struck by the 
electron beam. The waves may be photographed, if desired. In 
order to prevent accumulation of charge on the inner wall of the tube 
which would cause the beam to deflect erratically, a conducting coat is 

applied to the inner wall, and the coat is connected to the common 
ground. 
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Since the electron beam consists of electric charges in motion, and 
hence constitutes a current, it deflects in a magnetic field in accordance 
with Fleming's left-hand rule (Vol. I, Chap. XIII). Hence the beam 
may be focused or made to deflect in response to current waves by 
causing the current to flow in coils placed outside the tube and produc¬ 
ing a magnetic field within the tube. Magnetic focusing and deflec¬ 
tion are used primarily in television applications and other services 
requiring larger tubes with higher accelerating potentials. 

If the saw-tooth-voltage generator, or sweep circuit, is disconnected 
from the horizontal-deflecting plates and two separate external a-c 
signals are impressed simultaneously on the vertical and horizontal 
deflection plates, the resulting figure 
on the screen, known as a Lissajous 
figure, may be analyzed to determine 
the frequency ratio of the two signals, 
their phase angle, and the ratio of 
their amplitudes. A ^translating'* 
device that is capable of converting 
the inherent voltage scales of the os¬ 
cilloscope into current or flux or any 
other desired scale makes it possible 
to use the cathode-ray oscilloscope 
for such applications as the instan¬ 
taneous determination of vacuum- 
tube characteristics, examination of 
hysteresis loops, and many other applications. The cathode-ray 
oscilloscope and also oscillograph have become important and versatile 
instruments for research and for observing the characteristics of both 
electrical and mechanical equipment. 

86 . Impedance Bridge.—Impedances may be measured with a 
bridge in the same manner that resistances are measured by direct 
current with the Whc^atstone bridge (Vol. I, Chap. V). The usual 
(‘.onnections are shown in Fig. 106. The unknowm impedance Z*, 
w^hose resistance is /?a- and inductance L*, forms one arm of the bridge. 
Two of the arms M and N are noninductive resistances. One arm, 
such as M, should be variable over a wide range. N may be adjustable 
to decimal values such as 1, 10, 100, etc., ohms. The fourth arm L 
of the bridge consists of a variable inductance standard, or variometer, 
L, whose resistance is Rl. The variable resistance R may be connected 
in either bridge arm L or Z* by moving the detector contact to either 
a or 6. If the frequency is in the sensitive audio range, from 200 to 
2,500 cycles, headphones T may be used as a detector. If low fre- 



Fio. 106.—liupodance bridge. 
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quencies are used, such as from 20 to perhaps 200 cycles, a tuned vibra¬ 
tion galvanometer may be used as a detector. If the imped^ces 
and resistances remain constant, the bridge balance will be inde¬ 
pendent of frequency. 

If the bridge is in balance and the detectf)r contact is at a, 


L N 


and 


/?. ^ If. 

R Rl 


if the detecto” ci ntact is at b, 


h 

L 


M . , 
nr? as betore, 
N 


and 


R, + R ^ M 
Rl N 


( 110 ) 


( 111 ) 


These equations show that the inductance balance is independent 
of an 3 ' resistan^'es in the Z^, L-arms of the bridge. With the values of 
M and N that are necessary to balance the inductances, it may be 
impossibh) at the same time to balance the resistances. Hence, it is 
necessary to be able to connect R in either arm and adjust it for a 
balance. 

It is not necessary th<at L be variable. A balance may be obtained 
with L a fixed standard by adjusting M, N, and R. The impedance 
Zx may be a capacitive imp('dance l/aCj, Rx nhei'e w is 27r times the 
frequency and C* is the unknown capacitance. A capacitance C in 
the arm L is then necessary for a balance (see \ ol. I, tlhap. V). When 
the bridge is in balance. 


r, ^ A 

C Al 


( 112 ) 


Obviously, the positions of the alternating-current supply and the 
detector may be interchanged. There are many modifications of this 
bridge. ‘ 

* See F. A. Laws, “Electrical Measurements.” 
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86. Reasons for Use of Polyphase Systems. —In many applica¬ 
tions of alternating current, there are o})jecti()ns to the use of single¬ 
phase power. 

In a single-phase circuit, the power delivered is pulsating. Even 
when the current and voltage are in phase, the power is zero twice in 
each C 3 ^cle, Fig. 22 (p. 24). When the power factor is less than unit}", 
not only is the power zero four times in each cycle, but it is negative 
twice in each cycle. '’J'his means that the circuit returns power to the 
source for a part of the time. This is analogous to a single-cylinder 
gasoline engine in wliich the fl}nvheel returns energy to the cylinder 
during the compiession part of the cycle. Over the complete cycle, 
both the single-phas(^ <*ircuit and the flywheel r(H‘eive an excess of 
energy over that whi(‘h they return to the sour(‘e. The i>ulsating 
nature of the power in single-idiase circuits is objectionable for many 
applications. 

A polyi)hase circuit is somewhat like a multi(*ylinder gasoline 
engine. With the engine, the power delivered to the flywheel is 
practically steady, as one or more cylinders are firing when the others 
are compressing. This same condition exists in polyphase electrical 
systems. Although the power of any one phase may be negative at 
times, the total power is constant if the loads are balanced. This 
makes polyphase systems highly d(\sirable, particularly for power loads. 

The rating of a given motor, or generator, increases wiXh the num¬ 
ber of phases—an imi)ortant consideration. Below are the approxi¬ 
mate power ratings of a given machine for different numbers of phases, 
the single-phase rating being assumed as 100. 


vSingle-phaso. 100 

2- phase. 140 

3- phaao. 148 

6-pliase.148 

Direct-current. 154 


The same machine operating S-pluise or G-phase has about 50 per 
cent greater rating than when operating single-phase. A machine 
has the same rating whether connected 3-phase or 6-phase, because 
the same windings are used in the same manner for each. [The fore- 
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going table does not apply to synchronous converters. The ratio of 
polyphase to single-phase rating in converters is much greater than that 
shown in the table (see p. 437).] 

Single-phase synchronous and induction motors, without auxiliary 
means, have no starting torque, whereas the starting torque of such 
motors when operating polyphase is substantial. 

In single-phase synchronous machines, a pulsating armature 
reaction induces eddy currents in the field structure, causing heating. 
This effect is uegl’gible in polyphase machines with balanced loads. 

A minor consideration in favor of S-phase p()wer transmission is 
the fact that, with a fixed voltage between conductors, the 3-phase 
system requires but three-fourths the w^eight of copper of a single-phase 
system, other conditions such as distance, power loss, etc., being fixed. 

87. Double-subscript Notation. —The solution of problems involv¬ 
ing circuits and systems containing a number of currents and voltages 

I_,_( is simplified and less susceptible to 

® ^ error if the (*urrent and voltage vec- 

(fl) 

tors are designated by some system- 

Eao^E _I _ ‘=^Eoa notation, of which the following 

(6) is one type: 

Fig. 107. —Subscript notation applied The systcm is based On a Simple 

to voltage and current vectors. j. • * i i • .i 

geometrical proposition involving the 
relations among the segments into which a line may bo divided. For 
example, consider the line oc, Fig. 107 (o). The distance 


ac — ab + he. (I) 

Note that the first and last letters on th(* left-hand side of the equation 
are the same as the first and last letters on the right-hand side. Also, 
the last letter of the first term of the right-hand side is the same as 
the first letter of the second term of the right-hand side. These 
relations among the letters may be applied, for example, in determin¬ 
ing the length of the segment ah. Applying the relations cited for 
(I), ab = ac + cb. Transposing (I) algebraically, ab = ac — be. 

JLt therefore follows that eb = —be, or reversing the order of the letters 
reverses the sign of the quantity that they represent. The foregoing 
relations among letters denoting points on a line are applicable also to 
the addition and subtraction of d-c voltages and currents and also of 
alternating vector quantities, the letters, however, under these condi¬ 
tions being used as subscripts. 

If a voltage in a circuit acts in such a direction as to cause a current 
to flow from o to b, the positive direction of voltage is from a to b, 
and the voltage may be represented by the order of the subscripts 
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denoting that the voltage is acting from a to 6. For example, if a d-c 
emf be impressed across a simple resistance ab, the end a of the resist¬ 
ance being positive, the direction of current will be from a to 6. Hence 
this emf is denoted by Eab and the resulting current by lab- ' 

At first sight it might appear that with alternating current a definite 
direction cannot be assumed, since both voltage and current reverse in 
sign during every cycle. As a matter of fact, the direction of a voltage 
or of a current by itself is not important, but rather the phase rela¬ 
tions among voltages and currents. For example, if a horizontal vec¬ 
tor Eoa to the right, Fig. 107(5), is a given voltage vector, the voltage 
vector Eao to the left represents a voltage equal in magnitude but in 


a 



Fici. 108. - Subscript reversal. 


opposition to Eoa- That is, = —^oa- This is illustrated as 
follows: 

In Fig. 108(a) is sh(n\Ti a coil oa of an alternator armature in which 
a sinusoidal emf is being induced. This emf is represented in (6) by 
the sine curve Coa- At the instant o the instantaneous emf induced 
in the coil is given by the ordinate oa, the terminal a being positive 
and the terminal o negative. Assume that a zero-center d-c voltmeter 
is capable of measuring the instantaneous emf When the volt¬ 
meter is connected with its right-hand binding post B to the terminal 
o and its left-hand binding post A to the terminal a as shown in (a), 
the voltmeter reads positive, the pointer deflecting to the right of 
center. That is, the emf e'^ is positive. If the value of the instan¬ 
taneous emf e'ao is desired, the binding post A of the voltmeter must 
be transferred from the terminal a to the terminal o of the coil and 
likewise the binding post B must be transferred from the terminal o 
to the terminal a, as shown in (c). Obviously, the voltmeter pointer 
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now reverses its deflection, moving to the left of center, the magnitude 
of the deflection remaining unchanged. This shows that is 
opposite and equal to Now assume that the voltmeter is 
replaced by an oscilloscope, the binding posts of the oscilloscope also 
being designated as A and B. When binding post B is connected to 
terminal o and binding post A to terminal a, as in (a), the sine curve 
eoay Fig. 108(b), is shown on the oscilloscope screen. When the bind¬ 
ing poet B is connected to terminal a and the binding post A to 
terminal o, the sine curve Ca«, shown dotted, 180° out of phase with 
eoa, is obtained. Since the instantaneous values of e^a and Coo, Fig. 



=23.4 a 


(c) Current at Junction Vector Diasrram 

109.— J^iXainploh of doiiblo-suhsciipt notation. 

107(5), are etpial and opposite, their rms values, Eoa and Foo are equal 
and opposite. That is, Eao = —Eoa^ 

Consider the series-parallel circuit, Fig. 109(a). The total im¬ 
pressed voltage is the vector sum of the component voltages, that is, 
^ad = + ^br + Bed- With the excoptiou of the first term on each 

side of the equation, it is to be noted that when several voltages in 
series are being added the first letter of each subscript is the same as 
the last letter of the preceding subscript; also, the first and last sub¬ 
script letters on one side of the equation are the same as the first and 
last subscript letters on the other side of the equation. This relation 
is similar to the addition of sectors of a line, Fig. 107(a). 

When the notation is applied to currents, the principle is that of 
Kirchhoff’s first law. Consider the junction o. Fig. 109(5), at which 
the four wires ao, bo, co, do meet. The current from a toward the 
junction o is loo, and that from h to o is ho] the two currents flowing 
away from the junction are he and Iod- By Kirchhoff^s first law, using 
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\'ector8, the total current flowing toward a junction must be equal to 
the total current flowing away from the junction. Hence 


Jao + /to = / oc + I od- 


Reversing the order of a subscript reverses the algebraic sign of a 
(juantity. Reversing the subscripts on the right-hand side of the 
(*quation and transferring the quantities on the right-hand side to the 
left-hand side of the equation give 


lao + Jho + I CO + Ido = 0. (1 b3) 

Multiplying through by — 1 and reversing the subscripts give 

Joa + Job 4" loe -f Ki = 0. (114) 


IlencCj if the currents at any ju^^ct'on are all placed on the same 
side of the equation^ either all the first letters of the subscripts or all the last 
letters of the subscripts are the same. 

To illustrate the use of the notation, consider Fig. 109(c), which 
shows two transfoi mer secondaries, ao and bo^ connected at o, to which 
the wire oc to the external circuit is also connected. A current lao 
equal to 15 amp rms flows from a to o, a current Ibo of 12 amp rms flows 
from b to o, and lao leads ho by 00°, as showm by the vector diagram 
in (d). It is required to determine the current /„<. in the wire oc. 
By Kirchhoff’s first law, using vectors, for — lao + Jho- The vector 
diagram is shown in (d). By trigonometry, he is found to be 23.4 
amp rms. 

It is to be noted that by using this system of notation the likelihood 
of error is minimized. 

Further details involving the use of this system of notation are 
given in its application to polyphase^ currents in the following sections. 

88 . Generation of Three-phase Emfs.—The 3-phase system is the 
most used of the polyphase systems. This is due to the fact that the 
3-phase system has the least number of wires of any symmetrical 
polyphase system,^ the line voltages are ecpial, and with a neutral 
conductor two different values of voltage are available. 

The generation of 3-phase einfs by simple coils rotating in a bipolar 
magnetic field is shown in Fig. 110(a). Three simple coils aia, 6i6, 
cic, fastened rigidly together 120° apart, rotate in a counterclockwise 
direction. The shaded sides of the three coils are 120° apart, and 
the terminals a, 6, c from these sides may be said to be correspond¬ 
ing terminals, the significance of which will be shown later. Likewise, 


^ There are only three wires in the 2-phase 3-wire system shown in Fig. 132 
(p. 148), but this is an unsymmetrical system. 
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tenninals ai, hi, Ci, also 120° apart, are corresponding terminals. 
Figure 110(d) shows similar coils oio, bi?>, cic placed on a cylindrical 
laminated iron core rotating counterclockwise in a bipolar field. In 
(d) the turns of the coils can be seen more clearly than in (a), and the 
direction of the instantaneous induced emfs is shown by arrows. 






h 


Phase B 


H i ^ Phase C 

(e) 


Fig. 110.—Generation of three-phase emfs and currents. 


The current can be conducted from each of the three coils to the 
external circuit by means of a pair of slip rings, aai, bbi, cci, Fig. 
110(e), the terminals a and oi of coil aia being connected to rings a 
and ai, etc. 

At the instant shown in (a) and (d), the emf induced in coil aia 
is zero and is increasing in a positive direction; the emf induced in coil 
bib is approaching its maximum negative value, terminal b being 
negative; the emf induced in coil ciC with terminal c positive has passed 
its maximum positive value, and is diminishing. Fig. 110(c), 0-deg. 
These three emfs also can be considered as generated by the three rotat¬ 
ing vectors Kihj Kiei Fig. 110(b), the three vectors being parallel 
to coils aia, bib, cic, in (a) and (d). Also, the right-hand end of vector 
El^^a corresponds in position to terminal a, the lower end of vector 
corresponds in position to terminal b, etc. (see Fig. 16, p. 18). 
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In (c) are shown the three emf waves ea»a, eb,b, Cc^c, induced in the coils 
aiO, bib, CiC, It will be noted that at the instant under consideration 
the emf in coil aia is zero and increasing positively; that in coil bib 
is negative and approaching its negative maximum value; that in coil 
ciC is positive and decreasing in value, the three values of emf thus 
(‘orresponding to the positions of the coils in (a) and (d). The emf 
Cbxh lags emf eo,o by 120®, and emf ecic lags eo,a by 240°, corresponding to 
the angles between the ends a and b and a and c of the coils. 

Figure 110(c) shows that, for any particular instant of time, the 
algebraic sum of the three emfs is zero. When one emf is zero, each 
of the other two has 86.6 per cent of its maximum value and these two 
have opposite signs. When any one emf is at its maximum, each of 
the other two has the opposite sign to ^hib maximum and is 50 per cent 
of its maximum value. 

The equations of the three emf waves are 

Caia = \/2E sin Q}t, (115a) 

= V2E sin (o>i - 120°), (1155) 

Cc,. = V2E sin (a>t - 240°), (115c) 

where E is the rms value of each emf. 

Each of the coils of Fig. 110(a) and (d) can be connected through its 
two slip rings to a single-phase circuit. This gives six slip rings and 
three independent single-phase circuits, such as phase A, phase B, 
phase C, Fig. 110(c). With the type of alternator having a rotating 
field and stationary armature, the usual type, the six slip rings would 
not be necessary, but six leads would be taken directly from the 
armature. 

In practice, however, a 3-phase alternator seldom supplies three 
independent circuits by the use of six wires, but the phases are com¬ 
bined to give 3- or 4-wire 3-phavse sj^stems. 

It is to be noted in Fig. 110(a), (5), (c), (d) that, when side a of 
coil a,a is under the center of the iV-pole, the emf of terminal a is 
positive maximum, and under these conditions Caia is positive, Fig. 
110(c). [This corresponds to 90° in Fig. 110(c)]. At a later time, 
corresponding to 120 electrical degrees after coil side a is under the 
center of the iV-pole, the side b of coil bib comes under the center of the 
W-pole, the emf of terminal b is positive maximum, and under these 
conditions etib is positive and lagging Coja by 120°; likewise, at a still 
later time corresponding to 240° after coil side a is under the center of 
the W-pole, the emf of terminal c becomes positive, and the emf Ceie 
lags c«ja by 240°. Hence, the maximum values of these three emfs 
may be represented by the three vectors Fig. 110(6), 
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which differ in phase by 120°. In Fig. Ill the three vectors Eoa, 
Echf Eoet differing in phase by 120°, represent to scale the rms values. 
(The terminals ai, 6i, ci are connected together to form terminal o.) 



Fig. Ill—Three-phase voltage Fig. 112 -Y-oonnoftion of generator 
vector diagram. coils. 


89. Y-connection.—The three coils of Fig. 110(a) and (d) are 
shown in simple diagrammatic form in Fig. 112. The three correspond¬ 
ing terminals ai, 6i, ci are now connected at the common junction o 
This is the Y-connection. Ordinarily, only three wires, aa', hh\ cc', 
lead to the external circuit, although a neutral wire oo' is sometimes 
carried along, giving a 3-phase 4-wire system. 


E be—Ebo '\rEoe 



Fig. 113.—Y-connection and corresponding voltage vector diagram. 

Figure 113(a) shows the three coils of Fig. 112 connected in Y 
to give a 3-phase system of w^hich the three line wires are aa', hV, 
cc\ In Fig. 113(6) are showm the voltage vectors Eoaj Eoh, Eoc, cor¬ 
responding to the emfs in the three coils oa, oh and oc. These three 
emfs are the phase or Y-voltages. Let it be required to find the three 
line voltages Fab, Ehc, Eca- The line voltage ^ab = Eao + Jpob (Sec. 
87). Eao is not on the original diagram but is obtained by reversing 
E^a* Eao is then added vectorially to Fob, giving Fob. 
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From geometry, Eab lags the phase voltage by 30® and the coil 
voltage Eoa by 150®, Also, Eab is numerically equal to 

y/ZEob = 1 . 732 ^ 05 . 

In a similar manner, ^he = l^ho + Eoc, and Eca = Eco + Eoa- These 
three line voltages are shown in Fig. 114a. 

In a balanced Y-system, the three line voltages are equal and differ in 
phase by 120®. Each line voltage differs in phase by 30® from one of its 
phase voltages. The three line voltages are each equal in magnitude to 
V3, or 1.732, times the phase voltage. 

It is evident from Fig. 113(a) that the three phase, or coil currents 
Joay lobf loc are equal to the three line currents laaf, 'huy Ic&y as coil 
and line are in series. 

Therefore, in a F-system the line and phase currents are equal. 

As the three coils meet at a common junction o, by Kirchhoff’s 
first law the sum of the tUree currents must be zero, provided that 
there is no neutral current. That is, Jna + Job + Joe = 0. This is 
tiue whether or not the currents are balanced. 

90. Currents in Y-system.—At the right. Fig. 114(a), is shown a 
Y-connected load consisting of three equal resistors a'o', I/o', c'o' 
This load is supplied by the Y-connected energy source at the left, 
which is similar to that shown in Figs. 112 and 113(a). A neutral 
conductor o'o, of negligible resistan(*e, conne(*ts the neutral of the load 
with that of the source. The three conductors aa', />?>', cc' connecting 
the source and the h)ad have negligible jesistance. Inasmuch as the 
three loads are balanced, the current in the neutral is zero, as will be 
shown later. 

Although it is pointed out in See. 87 that the order of subscripts 
does not purpose to show the direction of alternating-current flow, 
the order of the subscripts is frequently used to show the dii‘(H‘tion of 
energy flow. Thus in the source at the left. Fig. 114(a), the emfs 
Eoay Eoby Eocy as Well as the corresponding currents I oay Iohy Joc^ indicate 
that the energy flows out of the source and since it flows into the load 
the terminal voltages to neutral at the load arc given by Fov, 

Fc't/. Upon applying Kirchhoff^s second law to circuit oaa'o'a and 
remembering that Fov is a voltage drop (= -- Ia'</Za^ci) 

+J?oa — FoV = 0 

or Eoa = Vaft/- This is shown in Fig. 114(5), where Var</ is in phase 
with Eoa in Fig. 113(5). Similarly, Vi/</ is in phase with Eob and 
V^t/ with Eoc- The three terminal voltages at the load. Fa'*/, F*/r', 
V^afy are found by adding vectorially the resistor voltages. Thus, 
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Frfv = Vc(^ + V,/v. If Vcfv, Vv^, are reversed and then are 
compared with Fig. 113(6), Fvo' = Eah) V,/v = Ehc’, Fo'c' = Eca- 
The opposite order of subscripts is due to the fact that one system is a 
source of induced cmf and the other is a load. It is customary to use 
E in dealing with an induced emf and V in dealing with a load or a 
terminal voltage. 



Fig. 114.—Y-connected power source and load. 


A study of Fig. 114(a) shows that loa = laa' = lob “ /w' = /i/y; 
Joe = Jcc' = Jc'oT again showing that in a Y-system the coil, or phase, 
current is also the line current. The currents Ic't/j for unity 

power factor, are shown vectorially in Fig. 114(6). Since the three 
currents /av, /</</, /c'o' are equal and differ in phase by 120®, their 
vector sum is zero and hence the neutral current /o'o is zero, since 

Jo'o = Ja^i/ + lv</ + JcTt/ = 0. 

91, Power in Y-system.—Figure 115 shows the three currents 
loaf lobf loof of coils oa, oby ocj Fig. 113(a) [also see Fig. 113(6)]. Unity 
power factor is assumed, and the three currents, therefore, are in phase 
with their coil voltages. A balanced system is assumed, and the three 
currents^ therefore, are equal in magnitude. 

As is shown in Sec. 90, the coil current loa and the line current 
are the same current. The line current /ao', therefore, is 30® out 
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of phase with the line voltage Eea, when the power factor is unity. 
This relation holds for each phase. 



Fig. 115. —Relation of line to coil volt- Fig. 115.—Relation of line to 

age and current in a Y-systein, unity power coil voltage and current in a Y- 
factor. system. Power factor = cos 0. 


The power delivered at unity power factor by coil oa, which is equal 
to that delivered by each of the other two coils, is 

P' = EoJoa watts, 

and the total power delivered by the generator is three times P', or 

P = SEcotJcoii watts. 


As the power delivered to the line is the same as that delivered by 
the generator, upon substituting P/tnr/\/3 for the value of Econ, 

3 /- 

P = • —1 Elxn(lcoil ~ X' 3 Eiinrllinc WattS, 


the coil current and the line current being the same. 

In a balanced d-phase systeniy the line power at unity power factor 
is equal to \/d times the product of line voltage and line current. 

Figure 116 shows the same 3-phase system when the powe. factor 
differs from unity. Each coil current lags its respective coil voltage 
by the angle 6. 

The total coil power is now three times that in the individual coil, or 


P = SEcoiiTcoii cos Sooii watts. 


The system power is 

P = \/3 Eiinehine COS OcoH WattS, (117) 





watts. (118) 
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Therefore^ in a balanced 3-phase system^ the system power factor is 
the cosine of the angle between coil current and coil voltage. 

The angles between line currents and line voltages are not power- 
factor angles, for they involve the factors ^ — 30®, Fig. 116, and 
^ + 30®, 0 being the coil power-factor angle. 



Fi(. 117. Dclta-connoftion of alteiiiator coils. 


The system power factor, which is the coil power factor, is 


P.F. = 


P ^ P 
\/3 ElinJhne \^3 El 


(119) 


where P is the total system power in watts and E and / are Enne and 

■f line* 

It follows that the system volt-amperes, 


and the kva. 


Fa = V3 El, 


Kva = 


V^EI 

1,000 ■ 


( 120 ) 

( 121 ) 


If the system is unbalanced, that is, if the currents or voltages are 
not equal or do not differ in phase by 120®, the question arises as to 
just what the system power factor is under these conditions. Where 
such unbalancing is not very great, (119) is us('d, line currents and 
voltages being averaged. The system pov er factor has practically no 
significance when the unbalancing is considerable. 


Example .—A 3-phjiso alternator has three armature coils each rated at 1,330 
volts and 150 amp. What is the voltage, kva, and current rating of this alternator 
if the three coils are connected m Y? 

Lime ~ • 1,330 “ 2,300 volts, Ajis. 

Kva rating = \/3 • 2,300 • 150 = 600,000 v i = 600 kva. Ans. 

("urreiit rating = 150 amp. Ans. 

92. Delta Connection. —The three coils of Fig. 113 may be con¬ 
nected as sho^vn in Fig. 117(a), the diagram being simplified in Fig. 
117 (6). The end of each coil, which, in Fig. 113, was connected to the 
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neutral o, is now connected to the outer end of the next coil. As points 
0 and a are now connected directly together (Eco = Eca, etc.), the o’s are 
now superfluous and are dropped. 

Figure 118(a) shows vectorially 
the three voltages Ebay E^, Eacy act¬ 
ing from & to a, c to 6, a to c, re¬ 
spectively. 

At first sight, Fig. 117 looks like 
a short circuit, the three coils, each 
containing a aource of emf, being 
in series and short-circuited. The 
actual conditions existing in this 
(*l()scd circuit may be shown by the 
use of the subscript notation. As¬ 
sume that the coil he is broken at c'. 

Fig. 119(a). The emf 

= ^ha + Eac^, 

The vector sum of these two emfs, shown in Fig. 119(6), lies along volt¬ 
age Ebc' and is equal to it. The emf E(^c — 0, therefore, and points c 
and c' can be connected without any resulting current. This is the 
same condition that exists when two d-c generators having equal emfs 
are connected in parallel. No current flows between the two if the 
proper polarity is observed. 



Fig. 119.—Sum of throe delta emfs is zero. 

Since the three emfs Ebay Eacy Ecb ( = Eoa, Eocj Eoh), Fig. 117(a), 
are in series, it follows, from a study of Fig. 110(c) (p. 128) that their 
sum at every instant is zero. 

The three coil currents hay lac, Icb, of Fig. 117 are shown vectorially 
in Fig. 118, in phase with their respective voltages (power-factor unity), 
a balanced system again being assumed. The line current 




Fig 118.— Relation of line voltaRe 
and current to coil values in delta-con¬ 
nected geiieiatoi, unit.v power factor. 


Jaa* — Jha "f" J ca. 
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This addition is made vectorially in Fig. 118, giving laof, differmg 
in phase from Ei„ by 30“. It will be noted that in magnitude /«- 
is \/3 times the coil current. Line currents Iw and Ice' may be 
found in a similar manner, Fig. 118. In the delta system, therefore, 
there is a phase difference of 30° between line current and line voltage 
at unity power factor, just as in the Y-system. 

It is obvious that line voltage is equal to coil voltage in a delta 
system. Moreover, the sum of the three voltages acting around the 
delta must be zero, by Kirchhoff^s second law. 




Fig. 120.—Dolta-connected power source and load. 

93. Load Currents in Delta System.—In Fig. 120(a) is shown a 
delta-connected load receiving energy from a delta-connected genera¬ 
tor, the resistance of the connecting leads being negligible. At the 
load the positive direction of current is a' to h' to c', c' to a'. Upon 
applying Kirchhoff’s second law to circuit baa'b'b and remembering 
that Va'h* is a voltage drop, fJba — Ya'v = 0 or Ya'f/ = -Fta. Simi¬ 
larly, Yh'e' = Ipch, Yefa' = -Fac The three voltage drops 
Ved are shown in the vector diagram. Fig. 120(6). 
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By applying Kirchhoff’s first law to junction a', line current 

/aa' ~ Similarly, Jw = fi/c' + let' = /</a' + /</*/• 

These relations are shown vectorially in Fig. 120(6), unity power factor 
being assumed. Again note that at unity power factor there i§ a phase 
difference of 30® between line voltage and line current, as between Va't/ 
and laa^ [also compare Fig. 120(6) with Fig. 118]. 



115-Volt Lamp Banks Connected in Y 



116-Volt Lamp Banks Connected in Delta 
Fig. 121.—Lamp loadb in Y and in delta. 


To recapitulate, in a delta system the line voltage is equal to the 
phase voltage^ and by Kirchhoff^s second law the sum of the three voltages 
around the delta is zero. In a balanced delta system the line current is 
\/3 times the phase current. 

Although Fig. 114(a) shows a Y-load with a Y-connected source 
and Fig. 120(a) shows a delta load with a delta-connected source, the 
load may be connected in either Y or delta, irrespective of the connec¬ 
tion of the source. 

Figure 121 shows three lamp loads, each requiring 10 amp, at 115 
volts. They are connected first in Y and then in delta. In order to 
supply the proper voltage in each case, there are 199 volts across lines 
in the Y-system and 115 volts in the delta system. There are 10 
amp per line iij the Y-system and 17.3 amp per line in the delta system. 
The power supplied is the same in each system. 

94. Power in Delta System. —The total power in a delta system is 

P = ^Eeoilleoil COS 6coil' (f) 

This power is equal to that in the line, as there is no intervening 
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loss. Also, the line current 

J line ~ I coil} 

and 

Eline ~ Ecoih 

Hence, substituting in (I), 

P = \/3 EunJhnc COS Bcoil. 

This equation is the same as Eq. (117) (p. 133) for the Y-system. 
This should be ^o, for the relations in a 3-phase line are the same 
whether the power originates in a delta- or in a Y-connected generator. 

The power factor of the delta system is the same as that for a 
Y-system. 

p 

= /K T^r ( 122 ) 

V 3 El 


where P is the total power of the system in watts and E and I are the 
line voltage and line current. 

The denominator \/3 El [(122)] gives the volt-ompercfi of the three- 
phase system. The kva of the 3-phase system is given by 

i:n|. 

METHODS OF MEASURING POWER IN THREE-PHASE SYSTEM 

96. Three-wattmeter Method. —Let (1), (2), (3), Fig. 122(a), be 
the three coils of either a Y-connected alternator or a Y-connected load. 



1(3) 

0 

0 

J 

'W 

■0 

__ 0 

w 

« ^30- 
c 0 


^ _ d 

« 0 

-.(6) 


Fia. 122.—The three-watt me tor method of measuring three-phase power. 

If the neutral of the Y is accessible, it is possible to measure the power 
of each coil, or phase, by connecting the current coil of a wattmeter 
in series with the phase and the wattmeter potential coil across the 
phase, Fig. 122(a). TFi, TF 2 , Wzy therefore, measure the power in 
loads 1, 2,3, regardless of power factor, degree of balance, etc. 
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The total power 

P — W\ + W 2 Wz watts. (123) 

If the loads are balanced, 

Wi — W 2 — Wz watts. 

If the potential circuits of the three wattmeters have equal resist¬ 
ances, these three potential circuits constitute a balanced Y-load, 
having a neutral O'. As coils 1, 2, 3 and these three wattmeter poten¬ 
tial circuits are both symmetrical systems, O' must be at the same 
potential as 0. No current flows, therefore, between 0 and 0\ and 
the line can be cut at X without changing existing conditions. Figure 
122(6) shows the three-wattmeter connection for a S-pbase system. It 
can be shown that the total power is sum of the wattmeter readings 
even though the wattmeter potential circuits have diffc'renl resistances. ^ 
Under these conditions, however, th€> 
wattmeter s may not all ha^^e the same 
reading, even with balanced loads. 

The three-wattmeter method is 
veil adapted to measuring power in 
a system where the power factor is 
eontinually changing, as in obtaining 
the phase characteristics of a s\ n- 
chronous motor. If the three instru¬ 
ments have erjual pottmtial-circuit 
resistances, they read alike, regard¬ 
less of power factor, if the loads are 
balanced. The three-wattmeter method is necessary in a 3-phase 1- 
wire system, as a system of n wires ordinarily requires at least — 1 
wattmeters in order to measure the power correctly. 

The Y-hox. —The use of the Y-box is based on the principle that each 
of the three wattmeters of Fig. 122 reads the same, if the loads are 
balanced. Under these conditions, the total power P = 3IFi. If two 
resistances, each equal to the resistance of the potential coil of TUi, be 
used in conjunction with this potential coil, the w attmeters W 2 and 
Wz are not necessary. As a rule, these two equal resistances are 
mounted in the same box and are connected as shown in Fig. 123. 
Accurate results can be obtained with this method only when the loads 
are balanced. 

96. Two-wattmeter Method. —The power in a 3-phase, 3-wire 
system can be measured by two wattmeters connected as shown in Fig. 
124. The current coils of the two instruments are connected in two 
' Laws, F. A, ^'Electrical MeaBuremeuts,” 2d ed, p. 341 et seq. 



Fig 123 —Y-ho\ foi nieatsurinR three- 
phase power. 
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oi the lines, and the potential coil of each instrument is connected 
from its own current coil to the line in which there is no current coil. 
Under these conditions, the total power passing through the system is 

P = Wi ± W 2 watts. (124) 

regardless of power factor, balance, etc. The choice of the plus or 
the minus sign will be explained later. 






Fia. 124.'- Two-wattmotor method for measuring 3-phase power. 

One method of proving that these instruments give the correct 
power is as follows: In Fig. 124(a) let Vi, V 2 y Vs, and ii, iz be the volt¬ 
ages and currents of the three loads at any particular instant. These 
being instantaneous values, the power at the instant under considera¬ 
tion is equal to the sum of their products, regardless of power factor. 
That is, the instantaneous power 

p = Viii V2i2 + Vz(iz» 


watts. (I) 
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At junction o, by Kirchhoff^s first law, 

ii + H + ^3 = 0 , 

iz == ^(ii + ^’ 2 ). (II) 

Substituting (II) in (I) 

p = viii + vzii — vz(ii + h) 

= (vi — + (t ^2 — Va)t 2 watts. (Ill) 

As the line voltages in a Y-system are the differences of the proper 
coil voltages (Sec. 89 p. 130), that is, one coil voltage is reversed when 
added to find the line voltage [also see Fig. 125(6)], the instantaneous 
values of power measured by the wattmeters are 

Wi = {v^ — v^ii watts, 

W 2 = (vz — ^ 3)^*2 watts. 

Hence, at every instant the power Wi + W 2 measured by the two 
wattmeters is equal to the total instantaneous power p of the system. 

A similar proof for a delta-connected load is as follows: In Fig. 
124(6), let the instantaneous values of the line, or delta, voltages be 
viy V 2 , vzy and let the delta currents be i\, iz. Again, the instantane¬ 
ous power is 

p = Viii -f ^ 2^2 + Vziz watts. (IV) 

By Kirchhoff^s second law, around the delta, 

+ t^2 + Vs = 0, 

vi = — (V2 + Vs). (V) 

Substituting (V) in (IV), 

P == — (V2 + Vz)il + V2^2 + Vziz 

= — V 3 (ii — 23 ) + V 2 (i 2 — ii) watts. (VI) 

The current to TFi is and, at junction a', laa' = (ii — iz)- 
Likewise, the current to W 2 is and, at junction 6 ', 

Iw = (^2 — “^i). 

The voltage to TFi is Va'c' = — vs, and the voltage to TF 2 is 

Vv<^ = V2. 

[Note the direction of vz and V 2 arrows. Fig. 124(6)]. 

Hence the first term in (VI) gives the reading of TFi, and the second 
term gives the reading of W 2 . 

That is, the instantaneous values of power measured by the two 
wattmeters are 
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Wi = —Vz{ii — watts. 

W 2 = V 2 {i 2 — ^i) watts. 

Hence, at every instant the sum wi + W 2 gives the total instantaneous 
power p. 

Y-connected Load. It is shown, Secs. 89, 91, and 92, that a phase 
difference of 30® exists between line voltage and line current at unity 
power factor. For power factors other than unity, this pliase difference 
becomes 30® ± where 6 is the power-factor angle of the coil. 




Fig. 125.—Two-wattrnctcr method and vector diagram for balanced Y-load. 


Figure 125(a) show\s two ^vattmeters, Wi and TF 2 , measuring the 
power taken by a balanced 3-phase Y-connected load. The watt¬ 
meter Wi is connected so that the current laa' — la'o flows in its cur¬ 
rent coil, and the voltage Fa< = Va't' (the voltage drop in the 
current coil being neglected) is across its potential circuit. The 
reading of TFi, therefore, is equal to the product of lao, Fav, and 
the cosine of the angle between them. Figure 125(h) gives the vector 
diagram for the load. The three coil voltages Fa',/, Vvf/y Vc'o' are 
equal in magnitude and differ in phase by 120°. The coil currents 
la'o'y h/i/j Ic'</ are equal in magnitude and lag their coil voltages by 
the angle 6. The voltage Fav is found by reversing F,',/, giving 
Fav, and then adding Fav and Vo^ct vectorially (Fov = F«'«' + Fov). 
The current /av is given. The angle between Fav and h'o' is 30® — 6. 

Hence, the reading of TFi is 

= Fa't'/aV COS (30® — 0) 

~ Yline^line COS (30 &) WattS. (125) 

Likewise, the wattmeter TF 2 reads the product of Vve*, Ivor, and 
the cosine of the angle between them. From the vector diagram, 
Fig. 125(6), VvtT is found by adding vectorially Vve/ and Vve 

{Yvc> = + Fc/cO. 
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The current Iv^ is given. The angle between Vv,f and Iv,/ is 30° + 6. 
The reading oi is, therefore, 

Wi = Vi/,' ll,'o’ cos (30° -f 6) 

= VhnJiine COS (30° + 9) watts. (126) 

Summarizing, 

Wi = VI cos (30° - 9) watts, (127) 

Wi = VI cos (30° + 9) watts, (128) 

where V and / are line voltage and line current, the systim being 
balanced. 

Delta-connected Load .—A similar proof for a delta-connected load is 
given as follows: In Fig. 126(a) is shown a balanced delta-connected 



lid. 12G.—Two-wattniotcr method and vector diagram for balanced delta-connected 

load. 


load a'//, h'c\ c'a' similtir to that in Fig. 124(6). The power factor is 
cos 6, the current lagging. Two wattmeters TFi and W 2 measure the 
power and are connected in the same manner as in Fig. 125(a). The 
current coil of TFi is in conductor aa' and that of W 2 in conductor 6//. 
The potential circuit of TFi is connected across conductors ac and that 
of W 2 across conductors he. The vector diagram is shown in (6). 
The three line voltages FaV, IVcS TVa' are ecpial in magnitude and 
differ in phase by 120°; the three currents la'h'y h'c'f Ic'a' are equal in 
magnitude and lag their line voltages by the angle 6. The current 
to W\ is laa'j and the voltage is Va'y = Fac, the voltage drop in the 
wattmeter current coil being neglected. The current 

/ao' ~ fa'i/ “H /aV 

is found by reversing /r'o' and adding. Va'c^ is found by reversing 
Fcv. The angle between Fav and 7oa'is 30° — 6, Hence the reading 
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of Wi is 

Wi = Va'c'Iaa' COS (30° - 6) watts. (125a) 

Likewise, W 2 reads the product of Fav' = Vhn current and 
the cosine of the angle between them. Jw = h'c' + /b'a' is found by 
reversing Ia>v and adding. The angle between Fbv and Iw is 30° + B, 
Hence the reading of TF 2 is 

Wft = VyAw cos (30° + B) watts. (126a) 

Equations (125a) and (126a) are the same as Eqs. (125) and (126) 
so that (127) and (128) apply to both Y-connected and delta-con¬ 
nected loads. 

TFi and W2 will have the same reading when 0 = 0 and B = 180°. 
Both conditions correspond to unity power factor. When B equals 
180°, however, the power has reversed. The two instruments 
also read the same at zero power factor (0 = 90°), although this 
condition is seldom realized. 

When 0 is greater than 30°, Eq. (127) becomes 

TFi = VI cos (0 — 30°). 

But cos (0 — 30°) equals cos (30° — 0) since cos A = cos ( — A) 
(p. 604). With leading current, Wi = VI cos (30° + 0), and 

W 2 = F7 cos (30° - 0). 

When 0 = 60°, corresponding to a power factor of 0.5 lag, Wr, 
Eq. (128), reads zero, as cos (30° + 60°) = cos 90° = 0. In this case, 
the reading of TF 1 , Eq. (127), gives the total power. For angles greater 
than 60°, corresponding to power factors less than 0.5, cos (30° 0) 

is negative, TF 2 reads negative, and the total power is 

P = Wi — TF 2 watts. (i29) 

Discretion must be used, therefore, when two single instruments 
are employed, as the total power may be either the sum or the differ- 
ence of the readings. 

It may also be shown that 

tang = ~ (130) 

where 0 is the coil power-factor angle. It is possible, therefore, to 
obtain the power factor in a balanced 3-phasc system by means of the 
wattmeter readings alone. 

Another convenient method for determining the power factor from 
the wattmeter readings for a balanced load is to divide the smaller 
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wattmeter reading by the larger, 

E? - (30° + e) 

Wi cos (30° - d)' 

The power factor corresponding to this ratio is obtained by sub¬ 
stituting different values of 6 and solving for cos 6. The power factors 
corresponding to different values of W 2 /Wi are plotted as ordinates, 
Fig. 127. For example, when 6 = 30°, cos 30° = 0.866, and 


2^2 _ 


cos 60° 
cos 0° 


= 0.500. 


By the use of Fig. 127, the power factor is read directly, the ratio 
W 2 /W 1 being known. It is seen that, when W 2 /W 1 = 1.0, the power 



-1.0-0.9-0.8-0.7-0.6-0.5 0.4-0.3-0.2-0.1 0 +0.1<^0.2t0.3+0.4+0.5+0.6+0.7-K).8+0.9+1.0 
T> t _ Smaller Reading _ Cos (30*^^) 

Larger Reading Cos (30—0) 


Fig. 127.—Power-factor diagram, two-watt met or method 

factor is 1.0; when W 2 /W 1 = 0, the power factor is 0.5; when W 2 /W 1 
is negative, that is, when it becomes necessary to reverse TF 2 , the power 
factor is less than 0.5. 


Exarnpk .—In a test of a 3-phase induction motor, two wattmeters are used to 
measure the input. Their readings are 1,900 and 800 watts. Both irstruinents 
are known to be reading positive. What is the power factor of the motor at this 
load? 

Using (130), 


^ - 800 1,100 
tan d Vs j ^ \/3 


e = 35.3", 
cos d — cos 35.3° 


= 0.816. Ans, 


0.706, 


Also IF 2 /TF 1 = 800/1,900 = 0.421, which may be used in Fig. 127 to verify the 
foregoing result. 

If a polyphase wattmeter is used. Fig. 85 (p. 101), the adding or 
subtracting is done automatically, as both elements of the instrument 
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act on the same spindle. The polyphase instrument, therefore, if 
properly connected, reads the total power. 

The two-wattmeter method cannot be used to measure power in a 
3-phase 4-wire system unless the current in the neutral wire is zero. 
When the current in the neutral wire of Fig. 128 is zero, the power is 
correctly indicated by TFi ± W 2 . Now apply load B'O between line 
B and the neutral. The current to this load will complete its circuit 
from wire B through the neutral without going through the current 
coil of either wattmeter. As neither wattmeter, therefore, indicates 
tl'.is additional load, the two wattmeters are not sufficient to measure 



Fig. 128.- -Two-wattinotcr method not applicable geriorally to 4-wire system. 

tL^ power in such a 4-wire system under all conditions of load (also, 
see Fig. 122, p. 138, and Sec. 98, p. 149). 

TWO-PHASE SYSTEMS 

97. Two-phase and Four-phase (Sometimes Called Quarter-phase) 
Systems. —Although 3-phase systems for the most part have super¬ 
seded other systems, there are still some 2-phase and 4-phase systems 
in operation. The 2-phase system is rarely used for transmission but 
is used for distribution, and in some instances it is specially advantage¬ 
ous to use 2-phase machines. 

Two-phase emfs are induced in the elementary generator, Fig. 
129(a), by two coils A and B, 90° apart. Figure I2d{h) shows the emf 
waves induced by these coils. The emf of A leads that of B by 90°. 
When one emf is a maximum, the other is zero. Figure 129(c) shows 
these 2-phase emfs vectorially (also, see Figs. 2(55 and 2(56, pp. 308 
and 310). 

The two phases may be carried along, insulated from each other, to 
supply two separate single-phase circuits, or they may supply a com¬ 
mon load such as an induction motor shown diagrammatically in Fig. 
130. The two phases are entirely insulated from each other in Fig. 
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130 and no single load can be supplied between the two phases. Only 
one value of voltage is obtainable, moreover, as the voltages of the two 
phases are equal. 




A 



N 


p 

B 


j 

• 


s 



— 




(a) Gt'iieration of 2-phase emfs. 



(b) Two-pha.se einf waves. 

129.—Two-phase crnfs. 


If, however, the generator coils be connected at their neutral points, 
a 4-phase star system results. If a neutral conductor be carried along 
with the other four conductors, a 4-phase, or quarter-phase, 5-wire 



Fio. 130.—Two-phase circuit with phases isolated. 


system results. Fig. 131(a). Three different voltages, moreover, are 
available. If the voltages between the outer wires of each phase be 
200 volts, then 200, 100, and 141 volts are available. Fig. 131(6). 
This system is more readily unbalanced than the 3-phase system, 
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a fact that constitutes an objection to its use. Another objection is 
the greater number of wires. 

If one end of the coil A be connected to one end of the coil B, 
a 3-wire 2-phase system results, Fig. 132. This gives two different 
values of voltage, 200 and 283 (= 200 V^) volts. This system is 




Fig. 131.—Two-phase interronnectod system giving 4-phase, 6-wirc star system. 

little used because of the considerable amount of voltage unbalancing 
that results, even when moderate loads are applied. It should be 
noted that the common wire N carries a current I where I is 
the current in each of the two outer wires. The wire N is not a true 
neutral conductor since its potential is not the center of gravity of the 
potentials of the system. 



A 2-phase or 4-phase alternator may have a winding that consists 
of four coils. These coils may be connected in mesh, Fig. 133. This 
corresponds to the delta connection in a 3-phasc system. As in 
the case of the delta, if these coils are properly connected, the winding 
is not short-circuited on itself. 

The line voltage is equal to the coil voltage. The diametrical 
voltage is equal to \/2 times the coil voltage. The line current is 
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equal to \/2 times the coil current, because the line current is the 
resultant of two equal coil currents having 90® phase difference. 

In Fig. 133, the coil voltage is 200 volts, and the diametrical voltage 
is 200 = 283 volts. The coil current is 100 amp, and the line 



Fig. 133.— Mesb-coiinooted, 2>phase winding. 


current is 141 amp. The total kva rating of this system is 


4 • 200 • 100 

1,000 


80 kva. 


Considering the system from the point of view of the four line wires, 
it may be assumed to consist of two isolated systems similar to those in 
Fig. 130. The rating is computed as follows: 


- 2(200 VSHlOOv^) -80. 



Fig. 134.—Measuieinent of power in isolated 2-phase 4-wire system. 


98. Measurement of Power in Two-phase and Four-phase Sys¬ 
tems. —In a 2-phase 4-wire system, consisting of two isolated single¬ 
phase systems, Fig. 134, the total power may be measured by two watt¬ 
meters, one in each of the single-phase systems, regardless of unbalance, 
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power factors, etc. If the system is interconnected to form a 4-phase 
system, Fig. 135, the loads must be balanced or this method is incorrect. 

If the loads of a 4-wire interconnected system are not balanced, at 
least three wattmeters must be used, Fig. 135. The power is the 
algebraic sum of their readings (Fig. 122, p. 138). The power in a 



Fig. 135.— Measurement of power in 4-phase or 2-phasc iiitereoiiiiectcd system (or 

any 4-wire system). 



Fig. 136.—Measurement of power in 2-phase, 3-wire system (or any 3-wire system;. 


2-phase 3-wire system (or any 3-wire system) may be measured by 
two wattmeters connected as shown in Fig. 136. The wattmeter 
current coils may be connected, however, in either two of the three 
wires, (see Figs. 124(a), 125(a), 126(a), etc.). 

99. Addition of Loads by the Kilovolt-ampere Method.—Frequently the poly¬ 
phase loads on a line or feeder are specified by the kva and the power factor. 
However, they may be expressed also in kilowatts and power factor, or in amperes 
and power factor, if the voltage is constant and its value is known. Under the 
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last two conditions the loads are readily converted into kva and power factor. 
Since in a 3-phase system the kva are equal to \/3 j&// 1,000, where E and I are 
line volts and line amperes (Sec. 91. p. 132, and Sec. 94, p. 137), and the voltage 
of the usual distribution system is substantially constant, the kva are equal to the 
product of a constant and the current. Hence the kva may be added like currents, 
the phase relations being taken into consideration. This is also true with other 
constant-potential polyphase systems, the constant differing from that of the 
3 -phase system. The method of determining the total kva on a line or feeder 
under these conditions is illustrated by the following example: 

Example .—^The following loads are connected along a 2,300-volt 3-phase line 
in which the voltage drop may be neglected: ( 1 ) 60 kva at 0.75 powei-factor lag; 
(2) 80 kva at 0.9 power-factor lead; (3) 100 kw at 0 80 power-factor lag; and 
( 4 ) 120 kva at unity power factor. Determine (a) total kilowatts; ( 6 ) total kva; 
(c) total amperes; (d) resultant power factor of system. 

To compute the total kva and kilowatts, each load is resolved into kilowatts 
and kilovars (sec Sec. 37, p. 64) as follow 


( 1 ) cos 01 = 

0.75; 01 = 41.4°; 

: sin 01 


0 661; kw 

= 60 

• 0 75 = 

45; 

kvar = 60 • 0.661 = 

39.7(- 

-). 





(2) cos 02 = 

0.90; = 25.8'’; 

; sin 02 


0.435; kw 

= 80 

•0.9 = 

72; 

kvars 

= 80 • 0.435 = 

34.8(+). 





(3) cos 03 = 

0.80; Si = 36.9°; 

; sin 6i 

= 

0.600, kw 



100 ; 

kvars 

= 126 ■ 0.600 = 

75.0(- 






(4) cos 04 = 

1 . 0 ; 04 = 0 ; sin 04 = 

0; 

kw 



120 ; 

kvars 

= 

0 . 






Total kvars 


79.9( - 


kw 

= 


337. 


Lagging kll()^ars are considered ( —) and leading kilovars (+). 

(a) Kw - 337. _ 

(b) Kva = \/(337)2 + (70 9)2 == 34 ^, Aus. 

(c) / = 346,000/(2,300 Vs) = 86.9 amp. A ns. 

337 

(d) P.F. = kw/kva = = 0 974, current lags. Ans. 

090 

The foregoing problem may be solved by the use of complex algebra. For 
example, the kva may be expressed as follows: 

kva = kw ± y(kvars). 

100. Applications of Complex Algebra to Polyphase Circuits. —The 

solution of simple polyphase networks is generally not difficult if 
complex algebra is used. The methods of solving such problems are 
best illustrated by actual numerical examples. 

Example 1.—Three impedances a, 6, c, Fig. 137(a), having resistances 20, 15, 
10 ohms and reactances of +ilO, —jlS, - 1-^20 ohms, are connected in delta across 
the three conductors A'A^ C'C of a 110 -volt 3-phase 60-cycle system. 

Impedance a is connected between conductors A-B, impedance b between con¬ 
ductors B-C, impedance c between conductors C-A. The sequence of phase 
rotation is AB^ BC, CA. A wattmeter Wi is connected with its current coil in 
conductor A'A and its potential coil between conductors A and C; wattmeter Tr 2 
is connected with its current coil in conductor B'B and its potential coil between 
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conductors B and C. Determine (o) current in each impedance; (6) current in 
each line conductor; (c) reading of each wattmeter. 



Fia. 137.—Unbalanced delta-connected loads and vector diagram. 


(a) Assume that Yab lies along the axis of reals, Fig. 137(6}. Hence, 

Yab “ 110 + jO *= 150/0° volts , 

Ybc « -55 -i95.3 = 110/1^° volts, 

Yca « -55 4-i95.3 = 110\120° volts. 


(b) 


Jc “ IcA 


Ua 

Ib'B 

lc>c 


« 110 4-iO 20-il0 ^ 2^00 ^ 1^ ^ 

20 + yio 20 - Jio “ 500 ^ 500 

|/.| = V(4.40)» + (2.20)» = 4.92 amp. Ans. 

-55-i95.3 15+il5 605 - ./2,255 , 

he - - V5-,-i5 • IsTill = — -“"’P> 

\h\ = V'(1.345)* 4- (5.01)* = 5.18 amp. Ans. 

-5 5 + j95.3 10^^20 ^ 1,356 + A053 = g 71 + 11 amn 

10+y20 10-J20 500 2.71+J4.11 amp, 

|/,| = V(2.71)* + (4.11)’“ ■= 4.92 amp. 

Iab + I AC = (4.4 0 - J2.20) + ( -2.71 - j4.11) = 1.69 -j6.31 amp, 
\Ia'a\ = ^(1.69)* + (6.31)* = 6.54 amp. Ans. 
ho + Jba = (1. 345 - j 5.01) + (-4.40 +y2.20) = -3.055 -^2.81 amp, 
|/«'a| = -s/( 3.055)* + (2.81)* = 4.15 amp. Ans. 

IcA + ICB = (2. 71 +74. 1 1) + (-1.345 +^5.01) - 1.365 +^9.12 amp, 
l/c'cl “ V(1.365)* + (9.12)* = 9.23 amp. Ans. 

I A'A h'B + Ic'C = 0 {check). 


(c) The voltage across the potential circuit of iri is Fac, and the current is 
Ja'a. Y^c = 55 — ^95.3 volts, and Ja'a = 1.69 — ^6.31 amp. 

Hence, by Sec. 56 (p. 81), 


TTi = 55 • 1.69 + 95.3 • 6.31 - 694 watts. Ans. 


The voltage across the potential circuit of W 2 is Fjjc, and the current is /b's. 
Ybc « —55 —j95.3 volts and Jb'b == —3.055 — j2.81 amp. 

Hence, 

Wt « (-56) • (-3.055) + (-95.3) • (-2.81) = 436 watts. Ans. 

The total power 

P"«TFi-hPr*-» 1,130 watts. Ans. 
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Since the wattmeters are connected to measure the power by the two-wattmeter 
method, 1,130 watts is the power taken by the entire system. This may be 
cliecked by determining the /*i2-loss in each impedance. That is, 

Pa+Pb+Pc ^ (4.92)*20 + (5.18)n5 + (4.92)210 * 1,130 watts {cfwck). 

The foregoing example may also be solved using the polar-vector method, 
although a transformation to rectangular vectors is necessary in order to find the 
line currents. 

For example, 

Vab - 110 / 0 ^ Vbc = 110/TW; Yca = 110 \ 1 ^ 

^ab = 22.37 /26.6°; ?bc = 21.2^; ?ca - 22.37 /63.40° . 

110 / 0 ° _^ 

Iab = 2 2 3 77 26 6 ° 4.92\26.6^ = 4.40 - ^2.20 amp, etc. 


Example 2.—Three loads having resistances 20, 40, 50 ohms and reactances 
-hj30, —jSO, jO ohms are connected froi . conductors A' Ay B'By C'C to the neutral 



Fig. 138.—Unbalanced loads in 3-pliase, 4-wire system. 


O'O of a balanced 600-volt 00-cyclc 3-phase 4-wire system in which all system 
voltages are balanced, Fig. 138. Three wattmeters IF2, U s are connected 
with their current coils in conductors A'Ay B'By O'O and their potential circuits 
between conductors Ay By O, and conductor C. The sequence of phase rotation is 
AOy BOy CO. Determine (a) current in each line conductor; (6) current in neutral; 
(c) reading of each wattmeter, (d) Fhow that the sum of the wattmeter readings 
is equal to the total power of the system, and i oiiiparc with Fig. 122 (p. 138). 

The voltage to neutral is 600/\/3 = 340.4 volts. 


Yao 

{a) Iao 

Ibo 

jeo 

l/c'c| 


346.4 +j0] Ybo = -173.2 -;300;yco = -173.2 +j300 volts. 


346.4 
20 +^30 


346.4 • 20 
1,300 


. 346.4 • 30 
^ 1,300 


= 5.33 — ^8.00 amp., 


\Iao\ = V(5.33)2 (8.00)2 == 9 61 amp. Ans. 

-173.2 -i300 ^ (-173.2 -i300)(40 +i50) ^ ^ -j5.04 

40 —^50 4,100 

amp, 


\Ibo\ « \/(1.968)* + (5.04)* = 5.41 amp. 


\Ico\ - \/(3.464)2 + (6.0)2 « 6.93 amp. 


ilws. 


Ans, 
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(f>) foo' “ Jao + Jbo + Jco 

- (6.33 -iS.OO) + (1.968 -i6.04) + (-3.464 +i6.0) = 

3.834 -j7.04amp, 

l/oo'l = V^34)'' + (T'.Oi)' = 8.02 amp. Ans. 

(c) The current in watlmctor H'l is Jao = 6.33 — jS.OO, and its potential 
circuit is connected across Vac = Vao + Foe = 519.6 - ^300. Hence, by See. 56 
(p. 81 ), 

F'l = 519.6 • 5.33 + 300 • 8.00 = 5,170 watts. Ans. 

The current in TF* is Jbo = 1.968 —>5.04, and the potential across H 2 is 
YBc ^ YBO ~ — 7600 . Jlence, 

W 2 = 600 • 5.04 = 3,024 wiitts. Ans. 

The current in TTa is Jn>o = —3.834 +/7.04, and the potential across TT 3 is 
Yoc * 173.2 - j300. Henco, 

Wi = 173.2 • (-3.834) + (-300 - 7.04) = -2,776 watts. Ans, 

The total power 

p W 2 4- TTa = 5,170 + 3,024 - 2,776 == 5,418 watts. Arxs. 

(d) The total power is also equal to the sum of the /^/^-losses in the iinpedanees. 
That is, 

P = 7^0 • 20 + I%o • 10 4 Jho 60 

* (9.61)2. 20 4 - (6 41)2. 40 4 - (6.93)2. 50 = 5 41 ^ (ch(ck). Ans. 

Hence, the three wattmeters as connected in Fig. 138 measure the 
total power of the system, even though Ws \\ ould normally read back¬ 
ward. The current connection of TF 3 must be reversed, therefore, and 
its reading substracted from the sum of the other two readings. 

In Fig. 122(a) (p. 138) the current coils of the three wattmeters are 
connected in the three line conductors, and the common potential 
connection is made to the neutral conductor of the system. Although 
this connection is the most usual one, the foregoing example illustrates 
the fact that the three current coils may be connected in any three of 
the system conductors and the common potential connection made to 
the fourth (also'^see Fig. 135, p. 150). Hence, to measure the power in 
any polyphase system of n conductors, the n — \ wattmeters may have 
their current coils connected in any n — 1 oi the conductors and the 
potential circuits to the remaining conductor. 

101. Equivalent Delta Systems and Y-systems.—In Vol. I (Chap. 
Ill), it is shown that a delta connection of resistances may be replaced 
by an equivalent Y, and vice versa. By these means many more or 
less complicated passive networks may be reduced to more or less 
simple ones. With alternating current, similar transformations may 
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be made, the resistances being replaced by impedances expressed in 
complex. Thus, in Fig. 139 the delta system in (a) may be replaced by 
the Y-system in (h) as follows: 



Fig. 139. — E<iuiv»Ieat delta and Y-systeni.s. 


Likewise, the Y-system may be replaced by the delta system, 


7 _^o 


(135) 


?2Z = 




(130) 




= (137) 


where = Z 1 Z 2 "h Z^Zz ZzZi. 

In the network, Fig. 140(a), where there are three unbanlaced 
Y-connected loads and no neutral conductor, the voltages to neutral 



Fig. 140.—Y-system converted to eiiuivalent delta system. 


are unknown. Hence, if Kirchhoff’s laws arc used, three simultaneous 
equations involving complex quantities are necessary. However, by 
converting the Y-system in (a) into the equivalent delta system in (b), 
a direct solution is made possible. 

Exam'ple. —In the Y-connccted system, Fig. 140(a), determine (a) equivalent 
delta; (6) three line currents Ia'Aj Ib'b, /c'c-; (c) three voltages to neutral, Vao, Fbo, 
Fco. The sequence of phase rotation is V abj V bc^ Vca- 
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(a) Using (135), (136), (137), 


Zo 


(50 + i0)(40 + j20) + (40 +j20)(25 - j60) + (25 -i60)(60 + jO) 
5,450 — ^3,900 ohms, 

5,450 ~y3,jOO 25 + jOQ „ 37 g ^ ^54 3 ohms. Ans, 

25-y60 25 +y60 

~ = 109.0 - 3 IS.O ohms. Am. 

50 + jO 

77 = 70 0 — 7*132.5 ohms. Ans. 

40+j2Q 40-^20 '^*^ ^ 


The equivalent delta system is shown in Fig. 140(5). 

(b) Let Yab = 200 + jO volts; Ybc = -100 - ^173.2 volts; 

7ca = —100 4- il73.2 volts. 


{ab 

Ibc 

hA 

Ia>a 

Ib'B 

Ic'C 


2 00 +y o 

8776 +;54.3 


jO 87.6 - i54.3 _ - 

r/< o * 01^ /» 'er .1 o 


649 — y 1.022 amp. 


87.6 - i54.3 
-100 - il 73,2 109.0 + i78.0 _ ^ 1 4 ro 
109.0 - i78 o' ■ 109.0 + ^’78.0 
-100 +il73.2 70.0 +i l32.5 ^ 


70.0 

Iao 


■jrS2,5 70.0 +J132.5 


• j] .485 amp, 

- j0.0501 amp, 


Ub + I AC - (1.649 -;i. 022 ) + (1.329 +^0.0601) 

== 2.978 — ^’0.972 amp. Ans, 

Ibo - he + Iba = (0.1453 -yi.485) + (-1.649 +; 1.022) 

= —1.504 — .7*0.463 amp. Ans, 

jeo = IcA + IcB = (-1.329 -y0.0501) + (-0.1453 +yi.485) 
= —1.474 +yi.435 amp. Ans, 


Jaa' + Ibb' + Jcc' = 0 (check). 


(c) Yao « Jao?i = (2.978 -y0.972)(50 +y 0 ) = 149.0 -y48.6 volts. Ans. 
Ybo = Jbo ?2 = ( — 1.504 — y0.463)(40 + 7 * 20 ) = —50.9 —^48.6 volts. 

Ans. 

Yco = Ico?z = (-1.474 +yi.435)(25 -^60) = 49.2 +^124.3 volts. 

Ans. 

It will also be found as a further check that essentially 


Yab = Y^o + Yob = 200 +y 0 volts; 

Ybc = Ybo + foe = -100 - yi73.2 volts; 
Yca = Yco + Koa = -100 +yi73.2 volts 



CHAPTER VI 

THE ALTERNATOR 

102. Rotating-field Type. —In commercial alternators, in general, 
the armature is stationary, and the field rotates. The generation of 
emf in an armature conductor depends only on relative motion of con¬ 
ductor and field flux so that either armature or field may be the rotating 
member. In direct-current machines, the commutator makes neces¬ 
sary either that the armature be rotating member or that the 
brushes revolve with the field. As alternators have no commutator, 
it is not necessary that the armature be the rotating member.^ The 
stationary armature is illustrated in Figs. 153, 154, 155, etc. 


(a) 

Fia. 141.—Effect of slot depth on the width of tooth necks in lotoi and in stator. 

This construction has two distinct advantages A rotating arma¬ 
ture requires two or more slip rings for conducting the current f^om the 
armature to the external circuit. Such rings must be more or less 
exposed and are difficult to insulate, particularly for the higher volt¬ 
ages of 6,600 and 13,200 volts at which alternators are commonly 
operated. These rings are a frequent source of trouble^ o wing to arc- 
overs, short circuits, etc. A stationary armature requires no slip 
rings, and the armature leads can be continuously insulated conductors 
from the armature coils to the busbars. It is more difficult to insu¬ 
late the conductors in a rotating armature than in a stationary one, 
because of centrifugal force and the vibration resulting from rotati o n. 

When the field is the rotating member, the field current must be 
conducted to the field winding through slip rings. As the field voltage 

■ 157 





158 


ALTERNATING CURRENTS 


seldom exceeds 250 volts and the amount of power is small, no particu¬ 
lar difficulty is encountered in the operation of such slip rings. 

Usually, it is difficult to find sufficient space for the copper on the 
surface of an aTmature. This Ts particularly true with high-speed 
high-voltage machines having armatures of small diameter. Increased 
space for copper may be obtained by deepening the slots. If the 
armature be the rotating member, the deepening of the slots is limited 
by the contraction of the tooth necks, as shown in Fig. 141(a). No 
such difficulty is encountered if the armature be stationary, since the 
tooth necks increase in width with the deepening of the slots, Fig. 
141(6). Since the armature usually operates at much higher voltage 
than the field, much more insulation is required. Space for this 
increased insulation is readily obtainable in the deep stator slots. 

ALTERNATOR WINDINGS 

103. General Principles. —The usual direct-current armature 
generates alternating current; and if properly connected slip rings are 
provided, alternating current may be obtained. Hence, windings of 
the direct-current type, if provided with proper taps, are suitable for 
alternators and such windings are used (see Synchronous Converter, 
p. 426). However, the requirements of alternating-current systems 
make it advantageous in most cases to depart from the dirent-current 
winding. For example, the usual direct-current winding is a closed- 
coil winding (see Vol. I, Chap. XI). Alternator windings may be 
either closed or open, the delta connection giving a closed-coil winding 
and the Y-connection an open-coil winding. 

The general principles that govern direct-current windings hold 
for windings of alternators. The span of each coil must be approxi¬ 
mately one pole pitch; that is, the two sides of any coil must lie under 
adjacent poles. The coils must be so conn(H*ted that their emfs add. 
In addition, it is desirable that the winding be deigned to give a sine 
wave, at least approximately. The cost of the winding should be low, 
so that it is important that the coils be formed and insulated before 
they are placed in the slots. 

Alternator windings may be divided into two general classes, the 
barrel type. Figs. 143 to 147, in which diamond-shaped coils, usually 
formed, are used; and the spiral type. Figs. 150, 151. The barrel type 
may be half-coil, Fig. 143(a); whole coil. Fig. 143(6); single-layer. Figs. 
142, 143(a); or two-layer. Figs. 143(6), (c) to 147. However, in the 
United States the two-layer lap winding is used almost exclusively. 
In Europe, diamond-shaped coils are not used so extensively, spiral 
windings being used to a considerable extent. 
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104. Single-phase Windings. —Single-phase windings are prac¬ 
tically never used. As a matter of fact, single-phase power is gener¬ 
ated only occasionally, such as for single-phase railroad supply. Even 
then, the generators are usually wound 3-phase, and single-phase 
power is taken from two terminals of a Y-connection. Since the rating 
of a given alternator when operated single-phase is only approximately 
60 per cent of its rating when operated polypha^^e, polyphase operation 
is almost universal. ^ ~ “ 

Since polyphase windings are merely two or more single-phase 
windings symmetrically spaced on the armature, single-phase wind¬ 
ings will be described first. If the principle of the single-phase wind¬ 
ing is understood, little difficulty is experienced in understanding the 
polyphase winding. 



Fig. 142. —SiiiRlo-phasc lap and wavo Mindirips. 

In d-c dynamos the wave winding gives a higher emf than the lap 
winding, if the number of armature conductors, poles, and other condi¬ 
tions are the same. In the alternator, the v ave and lap windings gjve 
the same emf, if the number of armature conductors, poles, and other 
conditions are the same. This is illustrated in Fig. 142, where a 
single-layer 6-pole distributed lap winding is shown in (a) and a wave 
winding, otherwise similar, is shown in (6). An inspection of the two 
windings shows that each has the same number of series-connected 
conductors between terminals. Henoe, other conditions being the 
same, equal emfs must be induced. Because the connections of the 
lap winding are somewhat simpler than those of the wave winding, 
the lap winding is used almost exclusively. 

TPigure 14?(a) ^Eows a single-phase single-layer half-coil winding 
for a 4-pole alternator having 4 slots, making 1 slot per pole. This 
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winding is called a half-^oil winding, because there is but one half-coil 
or coil group per pole, or one-half as many coils or coil groups as there 
are poles. The two coils' are shown connected in series, and TiyT^ are 
the terminals of the winding. 

In Fig. 143(6) is shown a development of the winding, two coils B 
and D being added. There are now four coils and four poles so that 
there is the same number of coils or coil groups as poles. Hence, this 
is a whole-coil winding. Also, one side of each coil, shown as a solid 


A C 



(a) Single-layer, half-coil winding, 1 slot per pole 


A B C D 



(b) Two-lajci, whoie-coil winding, 1 slot ju'r polo 
Fig. 143.—Ban el-type biiigle-phabo winding's with diamoiid-bhaped coils. 


line, lies in the top of a slot, and the other side, shown dotted, lies in 
the bottom of a slot. Hence this is a two-layer winding. The winding 
of (a) may be obtained by swinging coil B into the plane of coil A and 
coil D into the plane of coil C, The method of connecting the coils 
should be noted, the connections of coils B and D being reversed with 
respect to those of coils A and (7, so that their emfs are additive, as is 
indicated by the arrows. 

One slot per pole is almost never used, as thus the surface of the 
armature is not used economically, and, in addition, a poor voltage 
wave results. In Fig. 144 is shown a single-phase winding, similar to 
that of Fig. 143(6) except that there are 2 slots per pole. Since the 
coils of each coil group are connected in series before being connected 
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to the next group, the winding is lap-connected. The winding is also 
two-layer. In practice, a much larger number of slots per pole is used, 
two being shown in Fig. 144 in order to illustrate the principle. 



106, Two-phase Full-pitch Lap Winding.—A 2-phase full-pitch lap 
winding may be obtained by placing on the armature two windings of 
the type shown in Fig. 144, spaced 90 electrical space degrees apart 
(see Figs. 129, 130, p. 147). Such a winding is shown in Fig. 145, 
in which there are 8 slots per pole, making 4 slots per pole per phase. 



Fig. 146.—Two-phase full-pitch two-layer lap winding, 4 slots per pole per phase. 


This is a full-pitch winding, the coil pitch being 8 slots, which is 
the number of armature slots per pole. The connections of phase B 
are omitted for the sake of clearness, as they are identical with those of 
phase 4* Note that both coil sides in any one slot are always of the 
same phase, which is not the case with fractional-pitch windings. 
The reversed connection of the center phase belt should also be noted. 
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106. Three-phase Full-pitch Lap Winding.—3-phase full^pitch 
lap winding may be obtained by placing on the armature three wind¬ 
ings of the type shown in Fig. 144, each winding being spaced 120 
electrical space degrees from the two adjacent Avindings. A typical 
winding of this type is shown in Fig. 146, in winch there are 12 slots 
per pole, or 4 slots per pole per phase. For each pole, therefore, there 
are 4 slots devoted to each phase. Since one pole represents 180 
electrical space degrees, the slot pitch corresponds to, 180°/12, or 15 
electrical space degrees. In the armature. Fig. 146, there are three 
phases. A, B, C; for clearness the conned ions of the A-phase only arc 
shown. The connections of the B~ and f"'-phases are identical with 
those of A. Since this is a full-pilch winding, the pitch of each coil 
must be 12 slots. For example, if the left-hand side of a coil lies in 



Kig. 140.- Tliii.‘e-])liasc‘ full-pitch two-hivci, lap AvinrliiiK- 


the top of slot 1, the riglil-luind side must lie in the bottom of slot 13. 
The conductor belt +A corresponds to the shaded sid(‘ a of the coil 
Uia, Fig. 110(a) (p. 128). The +7M)elt, corresponding to the shaded 
side h of the coil, Fig. ll()(a), must be displaced 120 electrical space 
degrees from the + A-belt. Since each slot corresponds to 15 electrical 
space degrees, the +/^-belt must begin 120°/15°, or 8 slots, from the 
beginning of the + A-belt, as shown in Fig. 146. 

Likewise, the -+-C-belt must begin 8 slots to the right of the 
beginning of the -b^-beU. Note that the —C-belt, which is only 60° 
to the right of the +A-belt, corresponds to the a side of the coil CiC, 
Fig. 110(a), which is displaced 60° from the a side of coil a^a. That is, 
in Fig. 146, coil sides +A, +B, +C correspond to coil sides a, 6, c, 
Fig.,A 10 , and coil sides —A, '-B, —C correspond to coil sides ai, 61 , 
Cl. Note that in this type of wdnding the tv. o coil sides in any one slot 
are of the same phase, which is true of all such full-pitch windings. 

107. Fractional-pitch Windings.—In a fractional-xntch wdnding 
the coil span is less than 180 electrical degrees. For example, in Pdg. 
147 is shown a five-sixths-pitch 3-phase winding. A coil, instead of 
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having a pitch of 12 slots, now has a pitch of 10 slots, so that its spread 
no longer equal to a full pole pitch. Aside from the pitch, this wind¬ 
ing is in every way similar to the winding shown in Fig. 146. 

Note that the top layer, Fig. 147, is in every way identical to the 
top layer, Fig. 146. (The letters /I, Bj C with (+) and ( —) signs 
denoting phase belts apply to the top layer only.) The bottom layer, 
Fig. 147, is similar to that shown in Fig. 146 but is slid two slots to the 
left. This results in there being in each phase belt only two slots con¬ 
taining conductors of the same phase. ^ 

The advantages of this type of winding are that it improves the 
wave form, there is an appreciable saving ot copper in the coil ends, 
and the inductance of the winding is reduced becau^^^e of the lesser 
mutual inductance between those conductors vvhich lie in slots con¬ 
taining also conductors of either of the other two phases (see Fig. 



147). The coil-end inductance is also reduced l)ecause of the lesser 
length of coil ends. Such windings gemmate slightly less emf than full- 
pitch windings under the same conditions, since the tw^o coil sides do 
not lie under corresponding parts of the poles at any given instant and 
hence the phase displacement of their emts is slightly less than 180°. 
This is illustrated in Fig. 118, in which Ei is the emf induced in the 
conductors comprising one side of a coil and E 2 is the emf induced in 
the conductors comprising the other side of the coil. Ei is equal to 
E 2 numerically, as each is induced by the same number of conductors 
cutting the same flux at the same speed. Figure 148(a) gives the 
relation of the induced emfs Ei and E 2 in the tw^o coil sides when a full- 
pitch coil is used. When one side of a coil is under an A-pole, the other 
side is in a corresponding position under an ^S-pole. The induced emfs 
differ by 180° in phase, but the coil connection is such that these emfs 
add, their sum being E as shown in Fig. 148(a). 

When a five-sixths pitch is used, the coil spread is equal to ^ of 
180°, or 150 electrical space degrees. The emfs Ei and E 2 will differ 
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in phase by 30 electrical time degrees, as shown by the angle 
Fig. 149(6). The total emf E, which is their vector sum, is slightly 
less than when a full-pitch coil is used. 



(a) Full pitch ^ (6) Fractional pitch 

Fia. 148.—Relation of coil-side omfs in full-pitrh and fi actional-pitch windings. 


The ratio E/{Ei + Ei)=EI2Ei is the pitch factor kp. 
A study of Fig. 148(6) shows that 

" 2Ei ~ 2Ei 


(8 

co«2 


(138) 


For example, for five-sixths pit<‘h, 8 = 30°, 

kp = cos 15° = 0.96G (see p. 178). 

The pitch factors for the harmonics are considerably less than that 
for the fundamental so that the harmonics are reduced much more. 



Fig 149.—Showing winding and end connections of alternator ai matinc. 


proportionately, than the fundamental. For example, a two-thirds 
pitch will eliminate the third harmonic, a four-fifths pitch theUfth, etc. 
Hence, with a fractional-pitch winding the wave form is improved. 
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Note that, with the fractional-pitch winding of Fig. 147, only two 
of the slots of each phase under a pole contain coil sides of the same 
phase. In the other slots the two coil sides are of different phases. 
For example, slots 1 and 2 contain both phase A and phase B conduc¬ 
tors; slots 3 and 4 contain phase A conductors only; slots 5 and 6 
contain both phase A and phase C conductors. Of this group, slots 
3 and 4 contain phase A conductors only. The fact that certain slots 
contain conductors of different phases reduces slightly the inductance 
of the winding, as has already been pointed out (p. 163). 

In Fig. 149 is shown a portion of a finished lap winding of a water¬ 
wheel-driven alternator. The end connections, the binding down of 



flDrn} 


(c) Plan View 
[^owinfiT Single 
Kanffe 


Fio. 150.—Single-pha&c single-range spnal winding and equivalent barrel-typo winding. 


the coil ends, the slot wedges, and the ventilating ducts are clearly 
shown. 

108. Spiral and Chain Windings.— Instead of making the coils 
lap one another, the winding may be placed on the armature in the 
manner shown in Fig. 150(a). This is called a spiral winding, since 
the coils of each group are connected to form a spiral winding, as is 
shown in (6). Note that the coils themselves have a pitch of less than 
180 electrical space degrees. Notwithstanding this lesser pitch, 
the winding is not considered as having the properties peculiar to a 
fractional-pitch winding. The slot conductors may be reconnected 
by barrel-type end connections, as shown in (d), without changing 
the electrical characteristics of the winding. This gives a full-pitch 
half-coil harreUtype winding. The differential action of the coil sides 
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of Fig. 150(a), owing to their not having a full pitch, is taken into 
consideration in (d) by the belt-factor constant (see Sec. 114, p. 176). 

An inside coil, shown dotted, at a may be added to the winding 
under each pole, but it contributes so little to the induced emf, because 
of its small pitch, that to use it is wasteful. As the ends of the coils 
may be bent so that they all lie in a single vertical plane. Fig. 150(c), 
the winding in (a) is a single-range winding. 

In Fig. 151 are shown spiral windings connected to form a 3-phase 
chain winding, in which there are 6 slots per pole, making 2 slots 
per pole per phase. This is a two-range winding, for the coil ends in 
order to pass one another must lie in two different planes perpendicu¬ 
lar to the shaft. If the number of coil groups per phase is odd, which 



(a) 

Fig. 151.—Three-phaso chain winding, loqiiiiing special coils. 


occurs if the number of poles is not a multiple of 4, coils having one 
long side and one short side, or trapezoidal in shape, such as coils 
dd! in Fig. 151(a), must be used in order that they may pass the coil 
ends of one phase such as A and complete the winding. 

Since there are 6 slots per pole, the slot pitch represents 180/0, or 
30, electrical space degrees. If the poles, Fig. 151, are assumed to 
move from left to right and the phase sequence is A-B-C, the left-hand 
sides of the coils of phase B must start 120/30, or 4, slots to the right 
of the left-hand sides of the coils of phase A, as shown in the figure. 
The coils of phase C have a similar relation to those of phase B. 

The chief advantage of a chain winding is the considerable space 
between the coil ends, so that there is little opportunity for electrical 
breakdown at these points. They are admirably adapted, therefore, 
to high-voltage machines. Although coils of several different sizes 
must be kept in stock as spares, a coil may be replaced more easily 
than in the lap winding, where it is necessary to remove a large num- 
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her of coils in order to replace a single coil. In the United States at 
present the chain winding is scarcely ever used, having been replaced 
by the lap winding. 

ALTERNATOR CONSTRUCTION 

109. Types of Alternators. —The general design and construction 
of alternators are roughly .divided into three classes, depending on 
the type of prime mover. The direct-connected engine-diiven (steam 
or internal-combustion) type must operate necessarily at low speeds. 
In order to obtain the desired uniformity in angular speed, consider¬ 
able flywheel effect^ {WR^) is necessary. This may be obtained by 
the use of a separate flywheel or by incorporating sufficient flywheel 
effect in the rotating element of the alternator. The speeds of water¬ 
wheel alternators vary over a wide i^^ngc, from near flO to 500 rpm, 
the lower speeds being used at the lower heads. Both the engine- 
driven and the watcr-wlieel-driven types of alternators have salient 
poles, Fig. 153 (p. 169). 

Owing to the considerable interval that may elapse from the time <a 
water-wheel alternator loses its load to the closing of the gates, such 
alternators are designed to operate safely at approximately twice the 
rated speed. The turbine-driven type of alternator (unless driven 
through a reduction gear as is sometimes done with small units) runs 
at very high speed (750 to 3,600 rpm). Because of high windage 
losses and high centrifugal stresses, the rotors are of the smooth- 
cylindrical type in which the field turns are embedded in slots. Fig. 
too (p. 175). Water-wheel-driven alternators are made in both 
vertical and horizontal types. Because of the much better mechanical 
arrangement of alternator above and A\ater wheel beneath, the vertical 
type is by far the most common. How ever, Belton-w heel-driveiralter- 
iiators are usually of the horizontal type. 

In the early days turbine-driven alternators were made in the ver¬ 
tical type, but because of balance and vibration this type has been 
practically superseded by the horiztmtal type. 

no. Stator or Armature. —The stator or stationary member of the 
alternator is almost always the armature, the field structiire being the 
rotating member or rotor. When the machine is in operation, the 
armature iron is continuously cut by the flux of the rotating field and 
must be laminated in order to reduce eddy-current losses. In machines 
of small diameter, each lamination is usually a single circular punching. 

In the larger sizes of rotating machinery the stator iron is built up 

^ In the United States, flywheel effect is expressed by WR^j where W is the 
weight of the rotor in pounds and R its radius of gyration in feet. 
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of overlapping circular segments either dovetailed or bolted to the 
frame. In Fig. 152(a) is shown a segmented stator punching of the 
bolted type for a medium-speed machine, and in (6) is shown a seg¬ 
ment of the dovetailed type for a turbine-driven alternator. The 
large depth of iron behind the slot should be noted. In (c) is shown a 
ventilating segment to be used with segments like that shown in (b) 
in order to secure ventilating ducts through the stator core, Fig. 155. 

.. ^ 



Fia. 152. 



V 



—Segmented stator punchings: (a) slow speed; (?>) tuibine 
ing segment. (Allis Chalmers MJg. Co.) 


driven; (c) ventilat- 


Frequently the laminations such as are shown in (b) are perforated to 
produce longitudinal air ducts (see Fig. 157). 

Engine-driven alternators must rotate at comparatively low speeds 
and must have a large number of poles, and the armatures must be of 
comparatively large diameter. ’ The pole pieces are made up of lamina¬ 
tions riveted together and are dovetailed to the field spider, Fig. 153. 
The-armature is built.up of small overlapping segments, dovetailed to 
the frame of the machine in much the same manner as the armature of 
engme-dnven direct-current generators is assembled (see Vol. I 
Chap XI) except that in the alternator the armature laminations are 
a part of the stationary member.\ Figure 163 shows the general con¬ 
struction of such an alternator. The frame itself may be a hollow box 
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casting, Fig. 153, or it may consist of fabricated steel plates between 
which the laminations are bolted, Fig. 154. Both constructions give 



the necessary mechanical stiffness with small weight, and with either 
frame there is ample opportunity for the discharge of the cooling air, 
which passes out through the cooling ducts. 



Tiq 154.—Coniplotoly wound stator of engine-driven alternator. (Westinghouse Electric 

Corp^) 

In Fig. 155, is shown the stator of a high-speed turbine-driven 
alternator without the winding. Because of their low reactance the 
short-circuit current of turbine-driven alternators is abnormally large, 
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and the mechanical stresses due to these currents are extremely great. 
(Such electromagnetic stresses are proportional to the current squared.) 
Unless well supported, the coil ends arc likely to be pulled out of posi¬ 
tion under short circuit. Braces for supporting such coil ends are 
shown in Fig. 155. Some of the bracing is removed to show the man¬ 
ner in which the spiral ventilating ducts are alternated so as to provide 
uniform temperature throughout the stator [also see Fig. 152(c)]. 

A/r intake 



Air discharge 

Fia. 155.—End view of turbogenerator stator showing manner in whieli the spiral 
ventilating duets are alternated so as to provide uniform temperatures throughout the 
stat^. {Allia^Chalmera Mfg, Co.) 

111. Slots.—Two general types of slot are used for alternating- 
current machines, the open slot and the semicloscd slot. The open 
slot, shown in Fig. 150(a), is the more common, because the coils can 
be form-wound and insulated prior to being placed in the slots, giving 
the least expensive and most satisfactory method of winding. 

The semiclosed, or overhung, type of slot, shown in Fig. 156(5), 
is often necessary, especially in induction motors. The larger area 
of tooth face reduces the air-gap reluctance and also reduces the tufting 
of the flux, which tends to produce ripples in the emf wave. It is 
usually necessary to place the conductors in the slot one at a time, 
which is expensive and uneconomical of slot space. It is also difficult 
to apply insulation. 



THE ALTERNATOR 


171 


In both types of slot, the conductors are usually held in the slot by 
fiber wedges, Fig. 156. The effect of the semiclosed slot may be 
obtained by the use of open slots and magnetic wedges. These wedges 
are only partly of iron, so that the slot is not entirely closed. 

Coil insulation is divided into two general classes, A and B. Class 
A insulation, such as paper and cambric, is of organic material and 
when impregnated with varnishes or fillers has a limiting operating 
temperature of 100°C, as measured with an embedded detector (see 
Vol. I, Chap. XIV). Class B insulation, of which mica tapes and fiber 
glass (fabric woven with glass fibers) are examples, can operate at a 
limiting temperature of 120°C, as measured with an embedded detec¬ 
tor. Until recently, low-temperature organic varnishes were used to 
bind the mica films and to impregnate the fiber glass, which is^i^isu- 
ally applied in the form of tape. Ivecently, new silicone varnishes 


edfire 



m 

Conductor insulation 
Ij^mica or fibergrlass tape 
M varnish treated 

y/' 

^ Coil insulation 
of mica tap© 
jy Outer wrapper of 
^ treated asbestos, 

fiberarlass tape or fiber 


(ct) Open slot 



(6) Semiclosed slot 


Fio. 156,—Cross sections of typical a-o machine slots. 


have been developed that have very much higher operating tempera¬ 
tures. The limiting temperatures of mica and fiber-glass insulation 
employing this material are as yet uncertain. The slot in Fig. 156(a) is 
shown as being insulated with class B insulation, which is common for 
alternators, since the output increases with the operating temperature. 
If the mica and fiber glass are replaced with varnished cambric or 
cotton, class A insulation results. 

The conductors or parts of conductors nearer the top of "^^he slots 
have lesser self-inductance than those nearer the bottom of the slots 
(see pp. 171 and 332). Hence, the current tends to flow in the top 
portions of each conductor. To prevent such unequal distribution of 
current the large conductors in alternator armatures are stranded, as 
indicated in Fig. 156(a), and each strand is insulated with enamel. 
Each conductor is made up so that all strands occupy top, inter¬ 
mediate, and bottom positions for equal distances, thus equalizing 
their self-inductances. 

In order to prevent corona formation in the voids between the 
conductors and the grounded laminations, such as would occur when 
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the voltage is high, the slot insulation is covered with a semiconducting 
paint, and the surfaces are connected to ground. 

112. Ventilation* —The problem of ventilating slow-speed salient- 
pole alternators is not a difficult one. The length of embedded con¬ 
ductor is not large, the exposed dissipating surface is large, and the 
fan action of the salient poles provides circulating air. However, 
the output of turbine-driven alternators is so great for their size, 
the length of embedded conductor is so large, and so little ventilating 
action is obtained from the smooth cylindrical rotor that the problem 
of proper ventilation is a difficult one., Also, since ventilating ducts 
in the solid-steel rotor are impracticable, all ventilating gas must flow 
in axially through the air gap or through axial ducts in the stator 
laminations. In the stator, special ventilating ducts must be provided, 
Fig. 157 (also see Fig. 155). Totally enclosed systems of ventilation 
are now used. In addition to eliminating the accumulations of dirt 



Fig. 157.—Passage of ventilating air tlirougb the duets of a turboalternator. 

in the ventilating system that would result if outside air were circu¬ 
lated, this method minimizes fire hazard by eliminating the available 
supply of oxygen. Means arc also provided for releasing carbon 
dioxide if fire should start. The cooling medium, which may be 
either air or hydrogen, is cooled l)y passing over pipes through which 
cooling water is circulated; the cooling medium itself circulates con¬ 
tinuously through the alternator ventilating system. 

Nearly all the turbine-driven alternators and large-sized syn¬ 
chronous motors that are now being built arc hydrogen-cooled. The 
primary reason for using hydrogen rather than air is to reduce windage 
loss to about one-tenth the value with air, which increases the efficiency 
0.6 per cent or more at rated load, and to provide better cooling, which 
increases the rating about 20 per cent. Other advantages of hydrogen 
are the reduction of oxidation of the insulation and the reduction of 
fire hazard and of windage noise. The properties of hydrogen that 
make it advantageous as a cooling medium are that its density is 
only 7 per cent that of air^ hence the decreased windage loss, and that 
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it has 7.6 times the thermal conductivity of air and for a given tem¬ 
perature difference will transfer 30 per cent more heat units from a 
jriven surface than air. Because of its explosive nature, it must be 
used in a gastight enclosure. Since synchronous condensers have no 
protruding shaft, they were the first type of machine to emplo}’' hydro¬ 
gen cooling. Fig. 340 (p. 412). With alternators, a special oil seal in 
the bearings has been developed, and the loss of hydrogen by leakage 
IS thus negligible. The danger of explosion is practically eliminated 
by maintaining the hydrogen pressure slightly above atmospheric. 
Also, the explosive range of hydrogen-air mixtures is between 5 and 
75 per cent hydrogen, and the normal percentage under operating 
conditions is 95 to 98 per cent. This mixture also will not support 
combustion. 




a 


b 


Fig. 158.—Saliont-polo piece with two types of coil. 


In Fig. 157 is shown in simplified form the longitudinal system of 
ventilation. The cooling air flows longitudinally or axially through 
the air gap and the perforations in the laminations and is discliarged 
radially through the ventilating ducts. The paths of the cooling air or 
hydrogen for a radial ventilating system are indicated in Fig. 155. 

113. Rotating-field Structure.—In order to reduce pole-face losses 
and at the same time to facilitate construction and mounting, the cores 
of practically all salient poles are made of laminations riveted together, 
Fig. 158. With slow-speed alternators, these are either dovetailed, 
Fig. 153, or bolted. Fig. 159, to the rotor spider. The spider maybe of 
cast iron or steel, or it may be of fabricated steel construction. Fig. 159. 

The field coils of the smaller capacity machines are usually wound 
with wire of rectangular section, cotton-covered, and thoroughly 
impregnated; with machines of larger ratings, edge-wise-wound strap 
field coils are used, and these are frequently insulated with high-tem- 
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perature bonded mica strip. Both types of coil are shown in Fig. 
158. 

In order to damp any pulsation or hunting^ particularly wheji the 
alternator is driven by a reciprocating prime mover, cage dangers are 
built into the pole faces, as shown in Fig. 159 (see Sec. 226, p. 403). 

The nonsalient-pole or cylindrical type of rotor is necessary for 
direct-driven turbine-driven alternators, which run at high speed. 
The rotor is a cylindrical solid-steel forging, Fig. IGO, in which longi¬ 
tudinal slots for holding the field winding are milled. The rotor shown 
in Fig. 160 is for two poles. The narrow longitudinal slots cut along 
the pole faces are for purposes of dynamic balance. Were it not for 



Fio. 159.—Sahent-polc lotoi with (himpeis jii i>olc (Wcutinyhouht^ Linn 

Corp ) 


such slots the rotor would be more resilient along the pole axis, because 
of the material removed for ihe slots, than along an axis at right angles 
to the pole axis. The two different degrees of resiliency would produce 
vibration. 

The rotor is wound with strip copper. Figure 160(/>) is a close-up 
view of one end of the rotor and the field winding. The copper end 
connections must be supported by metallic end flanges to resist 
centrifugal force. In order to minimize windage losses, which tend 
to be high at turbine speeds, the surfaces of the finished rotor are made 
as ^ooth as possible. 

Excitation .—The excitation voltage is usually 120 or 250 volts and in 
the larger stations is supplied by an individual exciter driven directly 
or through a gear reduction or by a motor or is supplied by bus bars 
devoted to excitation only. The excitation bus is usually supplied by a 
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motor-generator set, which takes its energy from the main station bu^ 
In smaller installations, the exciter is mounted directly" on the alternator 



(a) Before winding. 

Q)) Details of end eonnections. 

Fiq. 160.—Two-pole rotor for 43,750-kva 13,800-volt 80 per cent power fact<^ 3,600-rpm 
turbine-driven alternator. {Allis Chalmers Mfg. Co.) ^ 


shaft or else is belt-driven from the alternator shaft. Large central 
stations usually have a storage battery floating on the exciter bus and, 
in addition, may have steam-driven exciters for emergencies. 
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ALTERNATOR ELECTROMOTIVE FORCES AND OUTPUTS 

114. Induced Electromotive Force. —Figure 161(a) shows the 
magnetic flux between the armature surface and a north and a south 
pole of an alternator. Assume that the flux distribution is sinusoidal, 
Fig. 161(6), the flux density being a maximum under the center of the 
pole. Let B' be the average value of the flux density. B' is equal to 
2^'jr times the maximum value B (see 13). Let a be a conductor 
cutting this flux with a velocity of v cm per sec. Assume this con¬ 
ductor a to have a length I cm perpendicular to the plane of the paper. 

The maximum emf induced in conductor a occurs when it is 


(a) 

a 


ib) 


1IG. 101.—Genciation of alteiiiatinK emf 

directly under the center oi the pole in the maximum flux density B 
(See Vol I, Chap XII). That is, in the cgs system 

Cm = Blv\0~^ Yolih. (I) 

Let D be the pole pitch in centimeters and / the frequency in cycles 
per second 

The time in seconds necessary for the conductor a to move the 
distance D is 1/2/ sec. Therefore, 

V = = 2fD cm per sec. (11) 

The total flux cut per pole is 

2 

4> = B'ZD == - BID maxwells, 

TT 

I. ’>■<4 

B = ^ gausses. 




(HI) 
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The rms emf is 1/V2 times the maximum for a sine wave. The rrm 
induced volts per conductor, by substituting (II) and (III) in (I), is 

If there are Z conductors in scries per phase, the rms emf per phase 
is 

E = 2.22Z4>f\0 * volts (139) 

[2.22 = 2 times 1.11, the form factor for a sine wave (see p. 13)]. 

If the emf wave is not a sine wave, tlie form factor should 
be correspondingly cdianged. 

If the mks^ system is used, (139) becomes 

E = 2.22Z^f volts, (140) 

where is the flux in webers (1 weber = 10^ maxwells). 

Owing to the fact that the emfs 
in the different coils of a phase belt 
are not in time phase with one 
another. Fig, 104, the conductor 
emfs do not add algebraically. A 
factor A*6, therefore, called the 
breadfh factor or belt factor, must be 
introduced to correct for this rela¬ 
tive phase displacement. This 
factor is unity for a concentrated 
winding ^nd less than unity for a 
distrilmted winding. Its value is -df-E 

readily determined. 

T T^- i 1 e -1 ^^’>2.—Doterniination of breadth 

In Fig. 162 let AV be the emf per eoil 

side and n the number of slots per polo per 

phase or the number of coil sides per phase belt, (w == 4 in Fig. 162.) If the 
electrical angle between slots is the resultant emf E is found by vector addition 
of the coil-side emfs ab, he, cd, df. 

Draw perpendiculars at tlio centers p, q, etc., of the vectors ah, he, etc. 

These perpendiculars will intersect at o. Draw radii oa, oh, etc. /.poq a) 
Zpoh *= oc/2. Ec = 2 oa sin (a/2}. 

E = 2 (^oa bill 

J|_ _ sin (na/2) C41) 

nEc n sin (a/2) 



^ Meter-kilogram-second system. See Vol. I, 4th ed. 
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Example ,—Determine kb for a 3-phase winding in which there are 12 slots per 
pole. 


4,a = 


180° 

12 


. 4 15 
sin - 2 

4 sin (15°/2) 


15°. 

sin 30° _ 0.5 

■ 4 sill 7.5° “ 0^522 


= 0.958. Ans, 


The table gives values of h, for a few typical windings. 


Vai.ues of Breaoth Factor h , 


Slots per pole per 
phase 

Single-phase 

2-jdiase 

3-phasp 

1 

1 000 

1 000 

1 000 

2 

0 707 

0 924 

0 966 

3 

0 667 

0 910 

0 960 

4 

0.653 

0 •.H)7 

0 958 


If fractional pitch is used, the einfs in the two coil sides are out of 
phase, as shown in Fig. 148(6) (p. 161)- This again reduces the emf. 
Correction for this may be made by multi])lying the voltage ecpiation 
by kp, the pitch factor. Equation (138) (p. 104) may be written as 
follows: 


K 


= COb 


180T1 - v) 

2 " ' 


(142) 


where p is the pitch, expressed as a fraction. 
For example, with five-sixths pitch, 


kn = cos 


180°(1 - %) 


= cos 15° = 0.96G. 


Vai.ues of Pitch Fa<’tor kp 


Pitch 

Ho 

H 

•X 

ir, 

?4 


kp 

0.9«8 

0.974 

0.966 

0.951 

0.921 

0.S66 


Inserting and kp in (139), (140), gives the complete emf equations 

E = 2.22khkpZ<l>flO'~^ volts. (143) 

E = 2.22kbkpZ^f volts. (144) 

Example .—A 6-jx)le 3-phase 60-cycle alternator has 12 slots per pole and four 
conductors per slot. The winding is five-sixths pitch. There are 2,500,000 
maxwells (= 0.025 weber) entering the armature from each north pole, and this 
flux is sinusoidally distributed along the air gap. The armature coils are all con- 
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nected in series. The winding is Y-connected. Determine the open-c!’*ciiit 
emf of the alternator. 

The total number of slots is 72. 

The series conductors per phase, therefore, are 


Slots per pole per phase = 12/(i\ -3) =4. kt, (from table) = 0.958. kp = 0.966. 
The total induced emf per phase is 


E = 2.22 • 0.958 • 0.966 • 96 • 2,500,000 • 60 • 10 « - 296 volts. 
As the winding is Y-connei ted, tlie terminal voltage is 
296 -v/S = 513 volts. Ans. 


N 

s 

r _ \ 





V \ 



1 

h-- 

1 

1 


Fig. 163.— Flux density in air gap of salient-pole machine. 

116. Wave Shape. —Ordinarily, the flux distribution in a generator 
is not sinusoidal, especially with sallent-poIe machines, the flux wave 
at no-load being flat-topped, as shown in Fig. 103. The emf wave per 
conductor has the same shape as the flux-density curve, B, This fol¬ 
lows from the fact that the induced emf e — volts; at constant 

frequency v is constant, hence c is proportional to B (also see Vol. I, 
Chap. XII). If the coil is a full-pitch coil, the emfs in the two sides 
of each coil will be 180® out of phase in space but electrically in phase, 
and of the same magnitude, as at any instant these coil sides both lie 
under corresponding parts of opposite poles. Therefore the emf wave 
induced in each coil will have the same shape as the emf indue I in 
each coil side. If but one slot per pole per phase is used, the resulting 
emf wave will have the same shape as the flux-density curve, which 
may be flat-topped, as shown in Fig. 163. 

Figure 164(a) shows a phase belt, consisting of four coils, of a 
3-phase alternator having 12 slots per pole or 4 slots per pole per phase. 
The shape of the emf wave for each of the four full-pitch coils forming 
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one phase of the winding is the same as the shape of the flux-density 
curve, Fig. 164(6), at No. 1, 2, 3, 4. As 12 slots represent 180 electrical 
space degrees, 180/12, or 15, is the interval in electrical space degrees 

between successive slots. The 
four emfs, therefore, are 15 elec¬ 
trical time degrees apart, as 
shown in Fig. 104(6). As the 
coils are connected in series, the 
resultant emf is found by adding 
the ordinates of the four waves. 
The resultant emf wave, E, in¬ 
stead of being flat-topped, like 
the emf wave of the individual 
coil, is v^ery nearly a sine wave. 
This is the reason w^hy a distrib¬ 
uted winding gives a better 
wave shape than a concentrated 
winding. 

The approach to a sine curve 
of the resultant emf wave* may 
also be considered as due to a 
much greater proportionate re¬ 
duction in the harmonics, which 
are substantial in the coil-side 
emf waves No. 1, 2, 3, 4, Fig. 
IG1(6). The angle betAveen ad¬ 
jacent coil sides for the funda¬ 
mental is 15°, but the angle az 
for the third harmonic wdll be 
3 • 15°, or 15°; for the fifth the 
angle as will be 5 • 15°, or 75° (see 
Fig. 164). Hence the breadth factor for the harmonics is very much 
less than for the fundamental, so that they are materially reduced in 
the resultant emf wave. 

With a fractional-pitch winding, the emf in each coil side, Fig. 148 
(p. 164), must first be added graphically to obtain the coil emf. The 
coil emfs are then added as in Fig. 161 (6) to obtain the belt emf. As a 
result, the emf wave form witli fractional pitch is more nearly sinu¬ 
soidal than wdth full pitch. ^ 

^ For a more complete discussion of wave form, see H. P. Tvawhence, 
Principles of Alternating Currents’^ and “Principles of Alternating-current 
Machinery’^; also, “Standard Handbook,” 7th ed.. Sec. 7. 


16 ® 



phase holt. 
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(In Fig. 148, ^8 = 3^, /Js = 5/3, etc., where /Ss are the angles for 
the third and fifth harmonics. Hence a fractional-pitch winding will 
make a greater proportionate reduction in the harmonics than in the 
fundamental.) 

116. Magnetomotive Force of Distributed Field Windings.— The 

pole winding for a nonsalient-pole rotor such as is used witl< turbine- 
driven alternators is usually of the form shown in Fig. 1 (35(a), although 
the number of slots per pole is frequently greater than the six shown in 
the figure (see Fig. 1(30). This type of winding gives a flux-density 
curve that much more nearly approaches a sine wave than does that 
of the salient-pole rotor with a uniform air gap, Fig. 163. Consider 



Fia. 165.—Distiibutod field winding and resulting mmf and flux waves. 


Fig. 165(5), which shows the section of a single coil embedded in the 
surface of a field pole. If the current is consideied as concentrated at 
the centers of the conductors, the mmf of the coil is a rectangle, its 
height being equal to the ampere-turns of the coil. 

Figure 165(c) shows cross-sectional views of the coils in (a), con¬ 
sisting of aa', 55', and cc'. The mmf of coil cc' acting alone is shown in 
(1); that of coil 55' acting alone is shown in (2); that of coil aa' acting 
alone is shown in (3). In (4) all three mmfs are active, and they arjc* 
combined to form the resultant mmf wave, w4iich is “stepped.'^ 
Actually, the current is not concentrated at the centers of the con¬ 
ductors as assumed so that the mmf rectangles are actually trapezoids. 
Also, the resulting flux will fringe at the tooth tips. Both effects 
cause the flux-density curve to be much smoother than the stepped 
mmf curve indicated in (4). Also, wdth the large number of slots per 
pole such as occurs in practice the effect of the '^steps'' on the flux- 
density curve is hardly noticeable. 
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Hence the induced emf wave in each armature conductor will be 
nearly sinusoidal. Any irregularities that do occur in the coil emfs 
will be almost entirely eliminated when the emfs of the belt are com¬ 
bined, as in Fig. 104(6). 

Thus a field winding may be distributed in the same manner as 
an armature winding [compare with Fig. J5()(o), p. 105J. As a matter 
of fact, the armature current itself produces mmf waves similar to 
those shown in Fig. 165(c), although their amplitudes vary with the 
time. This constitutes the armature reaction of the alternator^ (see 
Sec. 126, p. 194). Moreover, if, in the usual 3-phase armature wind¬ 
ing, direct current flows between an}" two terminals or between any 
one terminal and the other two connected together, north and south 
poles for which the flux distribution is nearly sinusoidal will be pro¬ 
duced in the air gap. Some distributed field windings therefore are 
w"Ound in the same manner as 3-phase armatures. '' 

117. Phasing Alternator Windings.—Three-phase alternator bind¬ 
ings may be connected in either Y or delta. However, owdng to 

the fact that, wdth the delta connection, 
third-harmonic voltages and multiple's 
thereof are short-circuited in the winding, 
and also no neutral conneciion is avail¬ 
able, the Y-connection is used almost 
universally with alternators. In practice, 
instances often occur where six leads come 
from the machine, tlu‘se leads b(*ing the 
three pairs of terminals from the three 
phases. The proper phase relations must 
be observed in making the connections, 
w"hether they are to be in Y or delta. 

Let tta', 66', cc', Fig. 166, be the three 
coil windings of a 3-phase alternator. 

Assume that these three windings are to be connected in Y. First, 
connect ends a and 6 together. Measure Ea'y, the emf across their 
open ends. This should equal -s/3 times the coil emf. It may bo 
equal to the coil emf, in wdiich case one coil should be reversed. Next, 
connect the end c of coil cc' to point ah. The emfs Eb'c' and Ea^c' 
should each be ^s/S times the coil emf. If not, the coil cc' should be 
reversed. 

If it is desired to connect the coils in delta, the ends a and 6', Fig. 
167, should first be connected. The emf Ea'b across their open ends 

^See Vol. I, Chap. XII, the section on Armature Reaction in Multipolar 
Machines. 



Fio. 160.-- Connertiiig aJtenia- 

tOT coils 111 V 
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should be equal to the coil emf. If not, one of these two coils should 
be reversed. End c' of coil cc' should then be connected to b. The 
emf Eca' across the open ends should be zero, as shown by the vector 
diagram in (6) (see Sec. 92, p. 134). If this emf is practically zero, 
the two ends c and a' may be closed. The emf may be tw.ee the 
coil emf, as shown in (c). If this is the case, coil cc' should be reversed. 



Fkt 1G7.- Coiineoting alternator foils in delta. 


118. Rating of Alternators.—The rating of electric machinery is 
determined, in general, by its temperature rise. This temperature 
rise is caused by the losses in the machine^ The in the arma¬ 

ture, due to the load current, limits the output of a machine. This 
loss depends on the value of the armature current and is independent 
of power factor. For example, J0() amp in a single-phase 200-volt 
generator will produce the same 7‘^if-loss if the load power factor be 
unity, 0.4, or any other value. The output in kilowatts^ however, is 
proportional to the power factor. If the above generator is limited to ^ 
100 amp, its output will be 20 kw at unity power factor but only 8 
kw at 0.4 power factor. The rating is 20 kva regardless of power 
factoij | ^ 

”'TPor the foregoing reasons alternators are ordinarily rated in kva. 
If a machine is rated in kilowatts, unity power factor is assumed unless 
otherwise si)ecified. “Tn stating the output of a macliine, it is always 
well to state the power factor. 

The rating of the prime mov er d riving an alternator is determined 
entirely by the Inlowait load. The same turbine could be used to 
drive a 200-kva alternator operating at 0.5 poA\er factor or a 100-kva 
alternator operating at unity power factor, although the first alterna¬ 
tor would have double the kva rating of the second. 




CHAPTER VII 

ALTERNATOR REGULATION AND OPERATION 


^ 119. Alternator Regulation. — It i s shown in Vol. I (Chap^XII}_that 
'The terminal voltage. oLa slmnt generator drops as load is ap plied. 
This is due to three causes—the 7ai^a-drop in the armature, armature 
reacHdh, and the “drop tiTlield current that results from the decrease 
in terminal volts^. ~|A s" comm ercial alternators are excited from a 
separate source, there is no decrease of field current due to the drop in 
the alternator terminal^'nliage. Both the Zgffa-drop in the altonator 
armature and armature reaction, however, ordinarily cause a drop o f 
tominal voltacre asrlo aA is jipp fle^^ Anotlier fa c tor that ca uses the 
alternator voltage to drop with application o f j( >ad is the Uakagc 
reactance of the altern ator armature. This will be discussed later. 

^The regu lation ^"dire^-current Venerators i^ inherently better 
than the regulation of arternaToii^ For example, shunt generators of 
comrirerciaT size regutate very closely, and it is usually possible to 
compound a sliunt generator so that its terminal voltage is practically 
constant nt all loads. ^ the alternator, the armature leakage-react- 
jii^e^ drop, which is not pfesent' Tn 'tfie^ect-current gene'rato/^I^d 
dhe greater effect of armature reaction together result in poorer regula- 

compoundf^l readily. 

Jlhe-regulfttiori of^the alternator depends not only on ihe- mag- 
■liitud e of the eurrentlmt on "the power factor as well. A knowledge^ 
of the regulation of an alternator at various power factors is i^ually 
essential, since'the amdutil by^irhThe voltage varies with the load 
has an important bearing on the operation of the system as a whole. 
If the alternator supplies incandescent lamps, it must regulate very 
closely, or else special regulators are necessary on the lighting circuits. 
Alternators, moreover, may regulate well at unity power factor, while 
at low power factors the regulation may be very poor, even if the cur¬ 
rent be the same in the two cases. 

In the larger types pj current that 

j;esult from short ciiyuit may cause s^oi^damage to the machmelmr 
value of this short-circuit current is do^lyrelated 
to the regulation^ the"alternafo r ^‘soT EatTaknowlegge" oT the re^ula-^ 
tion is helpfin““in“^esigning th^ circuit* breakers, switches, power- 
limiting reactances, etc. Furthermore, the loads at which power 
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systems become unstable, that is, drop their load entirely or pull 
of synchronism, is determined in part by the regulation characteristics 
of the alternators. Hence, engineers investigate carefully these 
characteristics in selecting the alternators that are best adapted to a 
power-system project (see p, 456). 

The excitation power and the rating of the exciter also di pend on 
the regulation. ) These are also important. 

It is very desirable, therefore, to understand the factors and the 
reactions that affect the regulation and the operation of alternators. 
As it is usually impossible t o ot)tain the requisite loads for testing an 
alternator under actual load conditions, it becomes necessary, in deter¬ 
mining the regulation, to employ methods that do not r'squire actual 
loa^ng. These methods will be described later. 

y/l20. Armature Leakage Reactance. —When current flows in the 
"T^'cnducj^rs of an alternator armature, it produces magnetic flux which 
links these condu(*tors. 

The magnetic leakage flux linkin g with the current gives inductan ce 
to th^arm atuie con clucrdr'?]^ inductance when multiplied by 

27r times the frequency gives the reactance of the conductors. Alter-^ 
nating curient in the con ductors, the refore, encounters not only resistav- 
ahee but reactance as well, In modern alternators, the cond uctors 
^re embedde(fin slots;“‘and since the iron surrqujuJing. thn is 

Ielu^yu'e^JlnUonk^SQ^flux is^relatively large. Therefore,^ 
armature conductors hav(\ conside ra ble self-ind uctance.. Jn„Fig* 
168(a) is sEo\mi the slot leakage flux with a single slot. The path of 
the flux is almost diie(*tly aci-oss the slot and around through the iron 
behind the slot. The reluctance of this local magnetic circuit lies 
almost entirely in the slot itself, as the reluctance of that part of the 
path which lies in the iron is practically negligible. In (b) is shown 
the slot leakage flux in a phase belt. The magnetic lines go trans¬ 
versely through all the slots and complete dieir circuit through the 
i.on behind the slots. A deep, narrow” slot, such as is shown in (a) 
and (6), has lower reluctance than a shallow and wider slot, such as is 
shown in (c), so that the flux per ampere conductor will be greater. 

However, such shallow slots arc seldom used since, with the reduced 
slot section, the maximum amount of copper cannot be applied to the 
armature. 

In (d) the leakage flux of a single semiclosed slot is shown. Owing 
to the low reluctance at the overhanging tooth tips, the slot 
flux per ampere conductor i s much greater than in the open slot, such_ 
aslrsho\vn m (a) and (6), ^her conditions being the same. It is to 
be noted that the conductors nearer the bottom of the slot, which are 
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linked by all the flux crossing the slot above them, have greater flux 
linkages and hence higher self-inductance than the conductors nearer 
the top of the slot. Hence, m^ich armature conductors the current 
density is grea test at^the top of the^nducloT. '"irls'To^^ 
mat, in tj ie larger alternators, the armature conducTors’afe^coinposed 
of^insulated, transposed strands. 

In addition to the foregoing"slot leakage flux, there is additional 
leakage flux about the coil ends, as is indicated in (e). Whereas, in the 
slot, leakage may be 10 maxwells per amp-in. of conductor in the slot, 
the coil-end leakage may be 1 or 2 maxwells per amp-in. 



(d) Leakage flux with Coil-end 

semi-closed slot leakage flux 


Fia. 168.—Slot and coil-end leakage flux. 

It is pointed out in Vol. I that inductance varies as the square of 
the number of turns. This same law applies to the conductors in 
alternator slots. If the number of series conductors in a slot is 
doubled, the leakage reactance per slot is four times ^as great, other 
conditions remaining unchanged. 

As the leakage reactance is proportional to the frequency 

(X = 2^JL), 

the leakage reactance of a 25-cycle alternator will be considerably less 
than that of a 60-cycle alternator, other conditions being the same. 

121. Armature Resistance. —The armature iron forms a consider¬ 
able portion of the path of the fluxThat links the armature conductors, 
Fig. 168. aiiice this flux is it is accompanied 1:^ l^steresis 
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and eddy-current loss es, w hich occur in the iron immediately PurrQ]|ind~ 
ina the slo ts. ^ As this flux is produced by the armature current, the 
power represented by this loss must be supplied by the armature 
current. The eddy-current loss varies as the square of the flux density, 
and the hysteresis loss varies as the 1.6 power of the flux density. As 
the leakage flux is nearly proportional to the current, the edd> <5urrent 
loss varies as the square of the current and the hysteresis loss as the 
1.6 power of the current, practically. The combined loss varies nearly 
as the square of the current. 

The effect of these local iron losses is to increase the total loss due 
to the flow of curient through the armature. As these local losses 
vary nearly as the c^irrcnt squared, their effect is practice lly the same 
as if the resistance of the armalure were increased (see Sec. 31, p. 55). 1 

Unless the armat ure ccmdiictois are small in cros s section^ the effect 
xff J/he_^loiJieaka£e flux is to fence ^le cuirent toward the top of the^ 
^slot, so that the current density in the porthms of a co nductor near 
the top o f the slot is eater than in those portions near the bottom of 
the s lqt. incr('ases the effective resistance of the a rmatur e. 

The effe^ctive resistance of an armature, therefore, is greater for 
alternating than for direct current, owing to the alternating flux that 
accompanies the alternating current. The percentage increase 
depends, to a large extent, on the shape of the slots and teeth and on 
the size of the conductors and ranges from 20 to 00 per cent. As the 
armature resistance drop is very small as compared with the voltage 
drops due to armature leakage reactance and armature reaction, con¬ 
siderable error in determining the resistance introdu(*es little error 
in most computations. The effective armature resistance may be 
determined by measuring the change in input with and without current 
flowing in the armature (see Sec. 141, p 229). A more common, though 
less accurate, method is to measure the ohmic resistance with direct 
current and to increase this value by an estimated factor, such as 40 
per cent, to cover the indeterminate losses. 




SINGLE-PHASE ARMATURE REACTION 


122. Current and Electromotive Force in Phase.—In direct-current 
machines, the armature ampere-turns act on the magnetic circuit of 
the machine in su(‘h a way as to distort the air-gap flux and to change 
its magnitude. For a given armature current, the direction and mag¬ 
nitude of this armature reaction depend on the position of the brushes 
(see Vol. I, Chap. XII). In an alternator, sompwhR f. nlmilnr nondi- 
^ons exist. For a^iven armatin-e curT-ent,, the magnitfHjo and 
direction of the armature reaction cannotjdfipend on br ush pd ^{ibh~ 
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^ut do nh fisft relation existm ^ between current and 

volta^and, hence^ on tlie|power factor of 11^ ToaH] 

""figure shows the paffis oT tEe in^iietic flux in the poles and 
armature of a single-phase multipolar salient-pole alternator at no- 
load. The armature moves from left to right. At the instant shown, 




Fig. 170.— Flux distiibution with iii-plmho current. 


the coil sides are directly under the pole centers, and the induced emfs 
must have their maximum values. Since the armature current is 
zero, the armature can have no effect on the flux distribution. Hence, 
the flux distribution in (a) is determined entirely by the mmf of the 
field coils. The flux-density curve is symmetrical and is usually flat- 
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topped, similar to that of a d-c generator (see Vol. I, Chap. XIi, 
Armature Reaction in Multipolar Machines). 

If the armature circuit be closed, the armature will deliver current. 
If this current is in phase with the no-load indu(*ed emf, or excitation 
voltage, the power factor at the alternator terminals will be ^mewhat 
less than unity. Under these conditions the current will I ove its 
maximum value when the c( j1 sides are directly under the centers of 
the poles. Fig. 170. The direction of the current will be inward in the 
conductors that lie under the AT-poles. In coil a, the direction of the 
current is such that its mmf acts downward, as shown. On the other 
hand, the direction of the current in coil b is such that its mmf acts 
upward. The effect of the current in tliese 
coils on the main magnetic circuit is shown 
by the flux-densitj curve. The flux is in¬ 
creased on the right-hand side of each pole 
and decreased on the h'ft-hand side. W^ere 
there no effect of saturation, the total flux A 
would not be changed, as the increase on one ^^ vector dia- 

of Iho polo would bo bola„,..d by the " 
decrease on the other side. This occurs also in direct-current genera¬ 
tors when the brushes are in the geometrical neutral (see Yol. I, 
Chap. XII), when cross magnetization alone results. 

The mmf vector diagram is showm in Fig. 171. The field mmf is 
represented by the vector Fi, the armature mmf vector A is at right 
angles to Fi, and th(' resultant mmf is given by the vector F displaced 
from Fi ])y the angle /?' in a clockwise direction. This vector diagram 
is identical wdth that for a d-c generator with the brushes in the 
geometrical neutral (Vol. I, Chap. XII). 

Under the conditions of Fig. 170 the mmfs of the armature coils are 
acting principally on the interpolar si)ace, Avhose reluctance is high. 
When the coils are in this position, therefor^, the effect of the coil 
ampere-turns upon the magnetic flux of the alternator is a minimum. 
This docs not apply to a nonsalient-pole alternator where the air gap 
is substantially uniform. 

123. Current in Quadrature Lagging.—Figure 172 show’^s the 
conditions w'^hen the current lags the no-load emf by 90°. When i le 
coil is in position (1), Fig. 172(a), the emf is a maximum, as in Fig. 170. 
The current is zero at this instant because it lags the induced emf by 
90°. The current does not reach its maximum value until the coil 
has traveled 90 electrical space degrees farther arid has reached position 
(2). The coil then lies directly under an iS-pole. It wdll be noted that 
the mmf of this coil is downward and is, therefore, in direct opposition 
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to^he magnetic flux entering the south pole, as shown in (6). Thercf ore, 
'When the current lags the no-load emf hy 90°, its mmf acts in direct 
opposition to the main field. As a result, the field is weakened by a 
lagging current, and this is accompanied by a reduction of the induced 

emf. 




(c) 

Fig. 172.—Armature reaction—cur rent Iiirs no-lo;ul emf by 90°. 


This result is similar to the effect of moving the brushes forward 
90® in a d-c generator. All the armature ampere-turns are then 
demagnetizing, weakening the field. 

When the current is a maximum in the coils, their mmfs are acting 
directly on the field poles rather than on the 
^ ^1 interpolar space as in Fig. 170. Hence they are 

acting on a magnetic path of low reluctance, 
and their effect on the magnetic flux of the 
alternator is much greater than when the 
current is in phase with the no-load emf. With 
smooth-core or nonsalient-pole rotors such as 
are used in turbine-driven alternators, the air gap is essentially uniform 
so that a given armature mmf has practically the same effect at all 
positions of the armature coils. 


F, 

Fig. 173.—Vector 

diagram Bhowing effect 
of armature reaction with 
current lagging 90°. 
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The foregoing effect of armature reaction may be represented by a 
vector diagram, Fig. 173. The vector Fi represents the field mmf 
and A the armature mmf in direct opposition. Their vector sum F 
is the resultant mmf. 

In Fig. 172(c) is shown the resultant, or load flux-density, curve 
together with the no-load curve, which is given for compariso- The 
total flux, represented by the area under the load flux-density curve, 
has been substantially reduced. 




(c) 


Fio. 174.—Armature reaction —current leads r >-load emf by 90®. 


124. Current in Quadrature Leading.—Figure 174 shows the 
conditions existing when the current leads the no-load emf by 90®. 
As before, the emf reaches its maximum value when the coil sides are 
directly under the pole centers [position (1), Fig. 174(a)]. The current, 
however, reaches its maximum value 90 electrical space degrees aht d 
of this position, or at (2). The ampere-turns of the coil now assist or 
strengthen the main field, as they are acting in conjunction with it. 
This is illustrated in (6), in which the coil is directly under an AT-pole 
and its mmf is acting in conjunction with the mmf of the A^-pole. As 
with the current lagging 90®, the coil is in the most favorable position 
so far as its effect on the magnetic circuit of the alternator is concerned. 
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This effect of armature reaction may be represented by a vector 
diagram, Fig. 175. The mmf of the field is Fi, that of the armature is 

Ay and the resultant mmf is their sum F, 
because the two are acting in the same 
direction. 

In Fig. 174(c) is shown the resultant, or 
load flux-density, curve together with the no- 
load flux-density curve, which is given for 
comparison. 'I'he total flux, represented by 
the area of the load flux-density curve, has been substantially 
inqreased. 

126. Pulsation of Single-phase Armature Reaction. —The armat ure 
mmfs act ing^hl^th e al ternator field, s uch aa^are shown i n Figs. 170, 
172, 174, are not st^d>^ bu i fvnT^ptmp, , This is due to the fact th at 
not only are the armature coils moving in space b ut simiilt nneoj^ 
The"HuTent UlJSlBT^STrCcHanijn with time^ Pulsating armature reac¬ 
tion may be explained by considering the conditions that exist when 
a single armature coil rotates with angular velocity co in a bipolar 
field. Fig. 176. The current is assumed to be in phase with the no- 
load or excitation voltage, and the current varic'S sinusoidally with 
lime. In its initial position the plane of the coil lies in the plane 
X — x'y perpendicular to the pole axis (mt = 0). In ( 6 ), the coil is 
shown as having turned through an angle 03 I 2 = 90°, and the cunent 
has reached its maximum value. Hence the armature mmf A 2 is a 
maximum, and its direction is downw^ard pei-i)en(licular to the ])lane 
of the coil and to the pole axis, as shown In («), the coil has turned 
through an angle co/i = 45°, and the magnitude f>f the mmf, which is 
proportional to the current, is Ai = A 2 sin 45° == 0.707^2. The 
vectors Ai and A 2 are shown in the vector diagram in (c). Ai can be 
resolved into two components, a in the direction ol A 2 , and Ui, which 
lies in the direction of the main held and hence strengthens it. In 
(c), oih = 135°, and the mmf As = A 2 sin 135° = 0.707^2. The 
vector As is also shown in (c), and it too can be resolved into two 
components, a in the direction of A 2 and as o] 3 ])osing th(‘ main field. 
Similar analysis shows that over every hall-revolution, for every 
component, such as ai, that aids the main field, there is an ecpial and 
opposite component, such as as, which opposes it. Hence the average 
mmf will lie along A 2 . In (d), au = 225°, but the position of the coil 
and the current are identical with those in (a) so that the mmf vector 
A 4 wdll coincide with Ai. 

Hence in one half-revolution of the coil the variable armature mmf 
has completed one cycle. In one revolution of the coil it will have 


A 

A F, F 

Fig. 175. -Vector dia¬ 
gram showing effect of 
armatuie leaction with 
current leading by 90°. 
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completed two cycles so that the frequency of the mmf is douhlcAhBA 
pnrront, Qvpr each half-cycle the resultant mmf will be per¬ 
pendicular to the pole axis and \Adll vary sinusoidally with time but of 
double frequency. The average over each half-cycle of the compo¬ 
nents of armature reaction that lie along the polo axis is z(‘ro. -They 
Riternately sf.rringtliPTi a nd w^f^ken the field at double frr mency. 



Iqii riy in the solid portions, and in the pole-face dampers, Fig. 159 
(p7l74), tend to damp outl;he pul sations (Lenz's law). The double- 
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armature conductors cau se third harmoni cs to be induced in the 
armature, hut these harmonics usually are small 

In Fi:r. 17()(f) the ^onditiongjor t he curren t laj ^ing the exc itation 
voltage by 90® aie shown. The induced cinf is a maximum when the 
coil is in position^), and the current is a maximum when the coil is in 
position (2). av era ge doiible-frecp^encv mmf is in opposition t o 

the main fi eld, and the puls ati ng ciH)ss-ma ^etjzii^comj) onents..,^ 
averagei& ^ro. act pcapendi^ila r to the pjjle (compare with Fig. 
171). With the curn'iit leading the excitation voltage by 90®, the 
average armature mmf strengthens tlie field. 

It will be shown in Sec. 120 that with balanced and constant poly¬ 
phase currents in the armature the armature mmf is steady and with 
constant power factor is stationary with respect to the field. 

^ 126. Polyphase Armature Reaction. —In Sec. 125 H is shfm ^ 

pplsntf^Sf]o iih1^frpfi|]ipne y. With 
constant balanced polyphase load, how(‘ver, the fund.‘imetital com¬ 
ponent of armature redaction is constant in magnitude and has a 
constant space relation to the field j)oles. For example, if the fiiid is 
stationary and the armature rotates, th(‘ mmf is stationary in spac(‘; 
if the field rotates and the armatun^ is stationary, the armature mmf 
rotates synchronously with the held, ('onsider Fig. 177. At {a) 
are shown three equal 3-phase currents 7,^, 1(, as functions of time. 
In (h) is shown a full-jntch 3-i)hase two-layer lap winding, similar to 
that in Fig. 14() (p. 1()2). It is assumed that wiien a current is positive 
in (a) the current is iinvard in the + phase belts in (/>) and (e), and 
accordingly when a curnnt is negativ(' in (a) the current is outward in 
the + phase belts. 

Consider* the conditions for time H) in (n). Ja is positive maximum, 
and Iii and Ir are negative and each ecpial to one-half its maximum 
value. Hence tlu' currents will be inwnrd in the +A-, —(M)elts 

and outward in the —A-, +^-, +r-belts. Also, the mmfs due to 
currents in the A-belts will be twice those due to currents in the 
and C-belts. Consider slots a and h. The curnmt is outw^ard in a 
and inwxird in 5, and the slot curnmts are equal, so that the two slots 
can be considered as acting like a single coil. The direction of the mmf 
will bo upward, and the mmf can be repn'sented by the rectangle a'5' 
whose altitude to scale is equal to the ampere-turns (see Fig. 165, 
p. 181, and also Vol. I, Chap. XII, Armature Reaction in Multipolar 
Machines). Slots c, d act in a similar manner, and their mmf may be 
represented by rectangle c'd'. Similar relations hold for the other 
slots in the +C-, —B-belts. In slots c, / in the ~A-, +A-belt8 the 
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177.—Three-pha&e armature mtnSa. 
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current is twice that in the B—, ])clts; hence the rectangles ef and 
have twice the altitude of a'V, c'd', as shown. 

Magnetomotive relations similar to the foregoing hold for the slots 
m, n and k, /, the direction of their mmfs being downAvard. The 
resultant mmf is obtained by adding the several rectangles and con¬ 
sists of a stepped wave, as shown. Actually, owing to the fringing of 
the flux^ the resultant wave will not have rectangular steps but rather 
will have rounded ripples. The harmonics arc so small that they can 
be neglected, and the fundamental (^an be represented by a smooth 
curve as indicated. It can be shown that its maximum value 

A = O.dkhkpNI ampere-turns per pole, (145) 

where ki is the breadth factor (]). 177), kp the pitch factor, N the total 
series armature turns per pole, and I the rms current.^ 

In (c) are shown the conditions occurring at time (2) in (u), AAdien 
the electrical angle between (1) and (2) is 30''. I a is still positive and 
equal to O.SGG of its maximum value; 7i# is zero; Ic is still negative and 
also equal to 0.866 of its maximum value. Hence the currents in all the 
slots of the A- and C-belts are of the same polarity as in (a) and are 
now equal so that the mmf rectangles will all have the same altitude. 
Thus the mmf of slots a, / can be represented by rectangle a'/'? of 
slots Cj h by c'h', of slots o, p by o'p', etc*. Again the resultant mmf is a 
stepped wave, and its fundamental can be represented by a sine wave 
having the same amplitude as that in (h). Note that the wave also has 
moved 30 electrical degrees to the right, as indi(*at(Ml, which coriesponds 
to the angle between (1) and (2) in (a). [The portion of the dotted wave 
is from (b)]. Since Fig. 177 represents a rotating-tield type of alterna¬ 
tor, the field poles must have rotated 30 electrical degrees in the inter¬ 
val (1-2) in (a). Hence the fundamental component of armature mmf 
rotates synchronously with the field and has a constant geometrical relation 
to it, (^'his rotating armature mmf constitutes the rotating field of 
the induction motor, p. 308.) 

The fact that the armature mmfs in Fig. 177 are sine waves and 
those in Figs. 170, 172, 174 are irregular, or nonsinusoidal, waves may 
raise the question as to whether the latter can he represented by 
vectors to be combined with the vectors representing sine waves. 
As is shown on p. 178, owing to the efi’ect of breadth and pitch (see 
p. 180) and also owing to the Y-connection, the harmonics in the flux 
wave are reduced to small values in the resultant emf wave. Since in 
the performance of the alternator the fundamental component only of 

I See V. Karapetoff, “ Magnetic ("ircuit,” p. 127; R. R. Lawrence, “ Principles 
of Alternating-current Machinery,*' 3d ed., p. 60. 
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the voltage and current waves usually need be considered, it is neces¬ 
sary to consider only the fundamental component of the flux wave. 
With salient-pole alternators the variable reluctance along the air gap 
does distort the wave shape and introduces effects that give only 
approximate results in the simpler methods of analysis and that can 
be taken into consideration only in the more involved methods With 
smooth-core field rotors the air-gap leluctance is substantially uniform, 
and owing to the distributed field winding the field mmf is nearly sinu¬ 
soidal, Fig. 1G5 (p. 181). Hence, since only sine waves of mmf are 
involved, the performance of such alternators can be calculated quite 
a^urately. 

127. Field, Armature, and Resultant Mmfs. —The vector diagrams 
for single-phase armature reaction are given in Figs. 171, 173, 175, 17(3, 
for currents either in phase with the excitation voltage or lagging or 
leading it by 90°. These same diagrams are even more precise for 
polyphase alternators operating under the same conditions, since the 
pulsating component of armature reaction does not exist. All vector 
diagrams of mmfs are only approximate unless the mmfs are distributed 
sinusoidally, since vector operations apply only to sine or cosine waves 
(Sec. 12, p. 18). 

In Fig. 178 are shown the conditions in a 3-phaso alternator when 
the current lags the terminal voltage by an angle 6 . Under these 
conditions the actual emf Ea induced in the armature lags the excita¬ 
tion voltage by the angle /3, and the terminal voltage lags the induced 
emf by the angle a. This is all explained with the alternator vectoi* 
diagram (see Fig, 188). The armature, Fig. 178(a), is identical with 
that of Fig. 177, and the conditions correspond to those in (a), where 
the current in phase A is at its maximum value. The j)oles are shown 
in Fig. 178(a), and their faces are rounded so that a sinusoidal flux- 
density curve Fi is obtained. Fi could, hoAvever, be the fundamental 
component of nonsinusoidal flux-density curv's such as are shown in 
Figs. 170, 172. As an approximation it is assumed that the air-gap 
reluctance is uniform, such as exists uith smooth-core rotors. Under 
these conditions the mmf and flux density are i:)roportional to each 
other so that to scale Fi may be considered as representing the flux 
density along the air gap at no-load. 

Under the load conditions in Fig. 178(a) the current is a maximum 
in phase A, and the armature mmf is represented by the curve A, 
which is derived in Fig. 177(6). The resultant mmf F is obtained by 
adding at each point the ordinates of the curves Fi and A. In Pig. 
178 it is assumed that the load power factor is cos B, that the no-load, 
or excitation, voltage E leads the emf Ea induced under load by the 
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angle jS, and that Ea leads the terminal voltage V by the angle a. 
Since the power factor of the load is cos V must lead the current I 
by the angle 6 (see Figs. 188, 189, pp. 209, 211). Hence the angle 
between the current I and the emf Ea must be ^ + a, and the angle 
between I and the excitation voltage E must he $ + a + Refer 
again to Fig. 178(a). The maximum value of emf induced in a con¬ 
ductor occurs when the maximum value of the flux-density wave is 
cutting that conduc.tor. The maximum value of excitation voltage 




(6) Vector diaffram (c) Cross and demairnetizinff components 

Fig. 17S.—Field, arinaturo, and resultant iriinfs in 8-pluise armature. 


E occurs in i)hasc A when the top h of the flux-density wave Fi is at 
the centei* of the +yl-belt at line aa. Since the current I lags E by 
the angle d + a + P, the current in the +-4-belt will not reach its 
maximum value until the point h has moved along the gap by the 
angle 6 + a + the conditions shovm in (a). It follows that the 
maximum value of emf Ea induced in the armature under load will 
occur M^hen the center c of the resultant mmf curve F is at line aa. 
Since the current I lags this emf by the angle 6 + a, F will have moved 
along the gap by the angle 6 + a before the current in the +^-belt is 
a maximum. This condition also is shown in (a). 
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It now becomes possible to draw the mmf vector diagram for the 
general condition of current I lagging terminal voltage V by the angle 
$. Each of the sine waves in (a) may be represented by a vector 
(Sec. 12, p. 18). Hence, if Fi is laid off horizontally to the right, 
F lags Fi by the angle fi and A lags F by the angle 90° + ^ + a. 
Hence, the resultant mmf F is the vector sum of the no-load mni+ and 
the armature mmf A , a result ihat also has been obtained by adding the 
ordinates of the waves Fi and A in (a). 

Note that under these conditions of lagging current the direction of 
the armature-reaction mmf A is such that it has considerable demag¬ 
netizing effect on the magnetic circuit of the alternator. In fact, as 
shown in (c), A may be resolved into a cross-magnetizing component 
Ac (see Fig. 171) and a demagnetizing component Ad (see Fig. 173). 

Were the current. Fig. 178(a), in phase with the excitation voltage, 
or no-load emf, the maximum point b of the waveFi Avoiild be directly 
under the center of the +/I-belt so that the emf and current in phase 
A would reach their maximum values simultaneously. Hence A would 
lag Fi by 90°, corresponding to Figs. 170, 171. Were the current lag¬ 
ging the excitation voltage by 90°, the angle 6 + a + fi would bo 90° 
and Fi and A would be in opposition, corres})onding to Figs. 172, 173. 
Were the current leading the excitation voltage by 90°, point b would 
be 90° to the left of line aa, and Fi and A would be in conjunction, corre¬ 
sponding to Figs. 174, 175. 

The vector diagram. Fig. 178(5), is important in that it us the basis 
of nearly all the methods of analysis of alt(*rnator operation. 

IM. Armature Impedance Drop. — In a direct-current generator, 
the^duced armature ernf is ol)tain(‘d by adding ntwit/ically the IR 
drop in tlie armature and the terminal voltage. In the alternator, 
the armature leakage-reactance drop IX as well as tEt> armature resist^ 
Imce drop must be ad de d to the terminal voltage in order to obtain 
thy dndi rccd armature einf._ These voltage drops must be added 
to IK^terminal voItageTih ordt'fTb dTStafn th e inducecremf. 
ThaTls, the ^nif induced In an atlemator afiiuilure" Is"IBe terminal 
voltage plus the armature impedance dropj this addition being per¬ 
formed vectorially. 

Current in Phase with Terminal Voltage, —Figure 179(a) shoy s 
the conditions existing when the load power factor is unity. V is 
the generator tenninad-v-oltage, and 1 is thenarmature cur^nt in phase 
with V. The Zft-drop in the armature is in phase with the current 
I, R being the effective resistance of the armature. The 7X-drop leads 
the current by 90° and is laid off at the end oi IR. The vector sum 
of these two gives the /Z-drop in the armature. This impedance drop 
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when added vectorially to the terminal voltage V gives the emf Ea 
induced in the alternator armature. The vector addition is performed 
by completing the parallelogram having V and IZ for its adjacent 
sides. The diagonal Ea is the vector sum of IZ and V and represents 
ythe induced emf. 

The same result is obtained by adding the /i^-drop directly to T, 
Fig. 179(6), and then adding the /X-drop, at right angles to I and lead¬ 
ing, at the end of IR, The vector addition in this case is made by 
the use of the polygon of vectors described in Chap. I (p. 14). The 
impedance drop IZ is shown dotted in Fig. 179(6), as it is not used in 
obtaining Ea by this particular method. 

It is to be noted that, with a load of unity power factor, the current 
is in pTiase with the terminal voltage but lags the induced emf by an 
angle a. 



It is a simple matter to find Ea if the other quantities are known. 
Ea is the hypotenuse of a right triangle of which V + IR is one side 
and IX the other. 

-g g = V(K + luy ^ {ix)\ ( 140 ) 

Example. A 00-kva 220-volt GO-cycle alternator luih an effective armature 
resistance of 0.010 ohm and an armature leakage leaetanec' of 0.070 ohm. Deter- 
niin^induced emf ^^hcn the machine is delivcimg rated current at a load power 
factor of unity. 

na , 4 7 GO,000 

The current I = 

in = 273 • 0.016 = 4.37 volts, 

= 273 » 0.070 = 19.1 volts, 

A’a = ^(220 4- 4.4)2 + 225 volts. Ans. 

Lagging Current. —When the current lags the terminal voltage by 
the angle 0 , the same method is employed to calculate the induced 
emf. Figure 180(a) shows the current 1 lagging terminal voltage V 
by the angle 6 . The /72-drop is in phase with the current vector I 
and the /X-drop is in quadrature with / and leading, as before. The 
resulting impedance drop IZ is then found, being the resultant of IR 
and IX. This impedance drop is then added vectorially to V, giving 




ALTERNATOR REGULATION AND OPERATION 


201 


the armature induced emf Ea- It will be noted, Figs. 179, 180, that 
the position of the armature impedance triangle is determined by the 
current and not by the voltage. When, therefore, the current lags, 
this impedance triangle swings clockwise with the current. 

As before, the impedance drop may be added at the end of 7, if 
the correct phase relations are observed. The most direct m('^\od of 
finding the induced emf Ea k to use the method described under the 
triangle of vectors (p. 14). IR, which is in phase with the current, is 
first added vectorially at the end of the terminal voltage F, Fig. 
180(6). Then the reactance drop IX, at right angles to the current 
and leading, is added at the end of IR.. The resultant emf Ea is found 
by completing the polygon. The geometrical solution of the diagram 
Fig. 180(6), is quite simple. If IR is projected on the current vector 
1 , a right triangle of voltages, Ohd, is formed, of which Ea is the hypote- 




J'lcj. ISO. AltcMiinloi veofo! (liaKiain foi i)owot factoi cos 0, current lagging. 

nuse. The values of the two legs of this right triangle may be found 
as follows: 

Oa — F cos 
ab = IR, 

aV = ht — V sin 6, 

_ cd = IX, 

Ea = + W = VWa + ab)‘ + {br + rdy 

= vTC eoh e + IRy + (T Mil e + ixy. (147) 


The current lags the induced emf Ea by the angle u', which can be readily 
determined. 


, bd _ F sin 0 + IX 
tan a “ “ "K cos ^ IK 


Example .—Determine Ea for a load in which the power factor is 0.7, current 
lagging, using the constants of the example on p. 200. 

The rating of an alternator, as has been pointed out, depends on the current or 
kva rather than the kilowatts. The current rating of the generator, therefore, 
will remain unchanged, although the kilowatts in this example are reduced to 
0.7 of their former value. 
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cos ^ = 0 70, = 4 37 volts as before, 

a * 45 6 ^ 

sin 0 = 0 7145, IX — 19 1 volts as before 
Ea * \/(22d 0 70 -f 4 4;^ +1220 0 7145 + 19 1 )^ = 237 volts Ans. 

It is to be noted that the value of the induced emf is now much 
larger than before, although the value of the impedance drop is the 
same. For a fixed value of induced emf, theiefoie, the terminal volts 
become less with increasing lag of'iihe current, even though the value 

of the curient lemains un¬ 
changed. This is due to the 
angle at ^^hich the impedance 
drop subtracts from the induced 
emf It would be expected, 
therefore, that the legulation of 
an alternator would be poorer 
for lagging curient 

At unity power factor, the 
aimatuie lesistance drop is the 
important factor in determining the value of Ea With a lagging 
current the resistance drop plays but a small pail, and the armature 
Icakagc'-rcactance drop becomes the important factor 

The foregoing lelations also ma> bo detenu mod bv the use of oomplOA algebra. 
That IS, 

Ea — V 1 (oos 6 — j sin 0) {R 4 * /V) 

= V IR oos e — jIR sin 6 jl\ oos 0 + IX sm 6. (148) 

Each of those quantities is given in Fig 181 

Ea = (V IR cos 6 -f- IX sin 0} H- j{IX cos 6 — IR sm 0) 

= Cl + J ( 2 

In the foregoing example, 

Ea == 220 -h 273(0 70 - ^0 7145)t0 01 h + 7 O 070) 

= 220 + 3 06 - ^3 12 -f 713 38 + 13 65 
- 220 + 16 72 + 7 IO 26 = 236 7 + jlO 3 volts, 

\Ea\ = vW 6 7)2 + (10 3)‘ = 237 volts Arts 

Leading Current ,—Figure 182 shows the alternator vector diagram 
when the current leads the terminal voltage by an angle 6 . As the 
current changes its phase relation to lead with respect to the voltage 
F, the impedance triangle swings with the current in a counterclock¬ 
wise direction about the end of F. Ea is found in the same manner as 
in Fig. 180. The voltage drop IR, parallel to the current, is projected 
on the current vector. 


+/X sin 6 



Fig. 181—Alternatoi vector diagiam in 
complex foi lagging cuiront 
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Oa ^ V cos 0, 
ah = IR, 
aV « 6c — F sin 
cd = IX, 

E, = Vo5* +W* “ V(Oo + o6)“ + (6c - cdy = 

\/(>^ cos e + IR)i + (F sin 9 - /.v 7 (149) 

This differs from (147) only in the sign of IX, which is now negative. 


Example ,—llepeat the foregoing example when th^ power factor is 0.7, current 
leading. 

cos 0 — 0 70, IR = 4 37 2 ; 4 t \ olts. 

sin 0 = 0 7145, /A = 19 1 volts. 

Ea = 4.4)2 4. (220~W145 = 210 volts. Ans, 

The indueod emf m the nrmaiiire is now lens niimorically than th^ 
terminal voItageT TEiis is a cTnidition that eannot exist in a direct- 



Fio. 182.—Alternator vector Fio. 183. Alternator vector diagram in 
diagiam for poTver factor cos 0, complex foi leading cuiient. 

leading cuirent. 


current generator. It results from the phase position of the IZ-drop 
with respect to V. 

The foregoing relations may likewise bo doteiminod by complex 
algebra. 

Ea ^ V + /(cos 6 +j sin e)(R + jX) 

= V IR cos 0 + jJR sin 0 + jlX cos 0 — JX sin 0. (150) 

Each of those quantities is given in Fig. 183. 

In the foregoing example, 

Ea = 220 -f 273(0 70 4-^0 7145)(0 010 4-7*0.070) 

= 220 + 3 00 47’3.12 +713.38 - 13 05 
= 220 - 10.59 +7IO.5O = 209.4 +7I6 5 volts, 

\Ea\ = + (10.5)^ = 210 volts. Ans. 

129. Alternator Regulation.^— The voltage Eay determined in ihe 
preceding sections, is the voltage induced in the alternator armature 

1 The ASA (Americiin Standards Association) standard specifies regulation as 
follows: In synchronous jfenerators, the regulation is the rise in voltage when the 
rated load at rated power factor is reduced to zero, expressed in per cent of rated 
voltage. The excitation shall remain constant during the test at a value that gives 
rated voltage at rated current and rated power factor. (Rule 3.210, Rotating 
Electrical Machinery Standard C50-1943 ) 
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under load conditions. In practice, it is a quantity difficult to measure 
^nd cafi be calculated only approximately. There is no simple method 
of making a direct measurement of the armature leakage reactance X 
although it may be computed or determined from the Potier diagram 
(p. 222). In several of the methods of computing alternator per¬ 
formance it is not necessary to know either the value of Ea or that of 
the armature leakage reactance X. 

A knowledge of the voltage regulation is important, because it 
shows how closely a machine will maintain its voltage under the 
various conditions of load, from no-load to full load. > 

If there were no armature reaction, Ea would be the no-load voltage 
of the alternator, just as in a separately excited direct-current generator 
the induced emf under load would be equal to the no-load emf if there 
were no armature reaction. As has just been shown the effect of 
a rmature reaction is to chan g e the value of t he magnetic flux, and this 
i^a ccompanied by a correspo nding c hange in the valu e of A hc induc ed 
emf Eg, The effect of armature reimiyqn^.qja Ihe oper ation of the 
alternator is analyzed in the metEods for determining regulation. 

It is usually impossible to find the regulation of an alternator by 
actual loading, particularly in the larger siztjs, until after the machine 
has been put into service, and even then it may be difficult to secure 
the desired adjustment of the load. To make an actual load test hi an 
alternator, a machine of about equal capacity for driving purposes is 
essential, and usually considerable power must be supplied and then 
absorbed. 

With polyphase alternators, there is the added difficulty of obtain¬ 
ing a balanced load. 

The regulation of an alternator, howeveu’, may be (calculated Avith 
sufficient accuracy from data obtainable from optm-circiiit and short- 
circuit tests. These tests involvf' very litth' power supply and do not 
require any power-absorbing devices. There are five common 
methods for determining regulation—the general method; the syn- 
chronous-impedance, or emf method; the v\mj method; the 1(125 AI EE 
(American Institute of Electrical Engineers) method; and the ASA 
method. The application and limitations of each method will be 
discussed in some detail; but before this can be done, an understanding 
of the space and time relations among alternator mmfs, fluxes, and emfs 
is necessary. 

130. Space and Time Vectors. —The terminal voltage of an alter¬ 
nator depends on the flux cut by the armature conductors, the ariha- 
ture resistance drop, the armature leakage-reactance drop, and the 
power factor. As has just been shown, the flux is the resultant of two 
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mmfs, one produced by the field ampere-turns and the other produced 
by the armature ampere-turns (armature reaction). Moreover, as the 
armature or the field rotates, the space values of the flux, the armature 
current, and the induced emf are all closely related. 

Consider Fig. 184 which shows two positions of an armature coil 
with relation to a pair of N- and >S-field poles. A sine distn‘»' tion of 
flux along the air gap is assumed. The line ab is the coil axis. When 
the coil axis lies along the axis oo of the A-pole, as shown in (a), the 
flux linking the coil is a maximum. When the coil axis ab reaches 



(a) Max. Flux Linkafire; Zero Emf. (h) Zero Flux Linkage: Max. Emf. 




Fk,. 184. —Relation of flux linking alternator to indueed emf in coil. 


position a'6' midway between pole centers, as shown in (/>), the flux 
linking the coil is zero. The flux linking the coil varies, therefore, with 
the time as t|>e coil moves along the air gap. The frequency at which 
this flux varies is the same as the frequency of the induced emf. 'n 
position (a), the flux linking the coil is a maximum, and the induced 
emf is zero. In position (6), the flux linking the coil is zero, and the 
induced emf is a maximum. It is seen that the emf induced in the coil 
reaches its maximum value 90 electrical space degrees later than the 
maximum flux linking the coil and, therefore, later in time. The flux 
linking the coil may be said to lead by 90® the emf that it induces. 
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This relation of flux and emf, as the coil moves along the gap, ic 
shown graphically in Fig. 184(c). 

When the coil axis a/> lies along the pole axis oo, the flux linking the 
coil is a maximum and the induced emf Ea ife zero. As the coil axis ab 
moves to the right, the flux <^i linking the coil decreases sinusoidally 
and the induced emf Ea increases sinusoidally. When the coil axis ab 
reaches a'6', midway between pole centers, the flux linking the coil is 
zero and the induced emf Ea is a maximum. Therefore, in an alterna¬ 
tor, the flux wave, which represents the flux linking the coil at each 
instant, leads the induced emf wave by 90°, as sliowm. 

These space relations may also be shown by rotating vectors. Fig. 
184((f). The vector 4)i is equal to the maximum value of the flux 
linking the coil, and the vector Ea is equal to the maximum value of 
the induced emf. Each position of these two rotating vectors repre¬ 
sents a different position of the armature coil relative to the field poles. 
The instantaneous value of either quantity, or Ao, is found by pro¬ 
jecting its vector on the vertical axis YY. It is seen that the flux <t>i 
reaches its maximum value 90 space dc'grees in a(h ance of the emf Ea^ 

Figures 184(c), (d) are space-phase dhigrams. Figure 184(c) shows 
the flux linking the coil and the induc(‘d emf in the coil for different 
space positions of the coil as it moves relative to the f’eld poles. Fig¬ 
ure 184((i<) shows these same quantities as rotating vectors. 

Although </>i, the flux linking the armature coil, and £'«, the induced 
emf in the coil, vary vith the space position of the coil, they vary also 
with the time. When the coil moves thi-ough 3()0 electrical degrees in 
space with respect to the poles, the emf wave passes through 3G0 
electrical degrees in time. The time of doing this is 1 // sec, where / is 
the frequency in cycles per vsecond. The time required, therefore, for 
the coil to pass through a given number of electrical space degrees is 
equal to the time required for the emf to pass through an equal number 
of electrical time degree's. For this reason, a space-phase diagram and 
a time-phase diagram may often be combined, just as the angular 
variation of emf, Fig. 3 (p. 4), can be changed to a time variation of 
emf. Sec. 3 (p. 6). The space-phase diagrams of Fig. 184(c), (d) may 
also be considered as time-phase diagrams. 

131. Space and Time Vector Diagram. —Consider the conditions 
when the current is in phase with the induced emf Ea^ In Fig. 171, 
which gives the mmf vector diagram when the current is in phase with 
the no-load emf E', the armature mmf vector A lags the no-load mmf 
FI by 90°. When there is current I in the armature, however, the flux 
is displaced by armature reaction from its no-load direction by the 
angle /?' in the direction of lag, Fig. 171. Hence the emf Ea induced 
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under load reaches its maximum value jS'® in the direction of lag from 
the no-load emf E, If the current is in phase with Ea, the current 
will also reach its maximum value by an angle /? later in time. The 
angle 'will differ somew^’liat from since the current is now in phase 
with Ea rather than E. Hence the vector F in Fig. 171 ro d its cor¬ 
responding flux <t> will be displaced from Fi and <t>i by sonu angle 


0 



0 

I'lG 185.— Relation among fluxfy, enifs, and cun out. 

ill a clockwise direction, as is shown in Figs. 185 and 180. In Fig. 
185, <l>i is the no-load flux as in Fig. 184(c), and 0 is the resultant flux 
displaced to the right of 0i. The induced cmf wave Ea now lags <t> 
by 90°, and the current ^^ave 7, under the assumed conditions, is ir 
phase with Hence the current 7 also lags <j) by 90°. 

In the vector diagram, Fig. 180, the mmfs Fi and F produce fluxes 
</>i and <t>j Fig. 185. The emf Ea lags <t> by 90° and hence lags F by 90°. 



Were the current in phase with the no-load emf E, from Fig. 171, 
the armature reaction would lag Fi by 90°, as shown dotted at A', 
Fig. 186. However, the armature mmf A now lags the resultant mmf 
F by 90°, as showm. This brings the space position of A in ^ase 
with Ea- 7 as a time vector is also in phase with Ea- Hence A is in 
phase with 7. 7 may also be considered as being a space vector. 
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That is, the current wave J, Fig. 185, may be considered as giving the 
instantaneous values of current for different positions of the coil along 
the armature, as is done with Eay Fig. 184. Also, the flux produced by 
the armature mmf A acting alone links any one armature coil as a 
function of time, as does </>!, Fig. 184. Hence, A also may be con¬ 
sidered as a time vector. 

When the current lags the induced emf Ea by 90®, the armature 
reaction is in exact opposition to the resultant field, Figs. 172, 173 
(p. 190). Figure 187 shows the mmf and omf vector diagram for this 
condition. 

Fi is the no-load mmf and A the armature mmf in direct opposition 
(see Fig. 173). The resultant mmf is F, found by adding Fi and A 
vectorially. The fluxes corresponding to Fi and F arc omitted, but 



I 


Fia. IS7. Relation of induced enif.s to alternator field nmifs, current by 90°. 

they may be assumed to be X)roportional to and in phase with Fi and F. 
From Sec. 130 the induced emfs E and Ea lagFi andF by 90®, and they 
are in phase with each other. The current 1 is assumed to lag Ea by 
90®. Hence, again I is in phase with A, 

Figures 186, 187 show that in alternator vector diagrams the 
armature mmf vector A is in phase with the current vector I. 

Also, in Figs. 186, 187, Fi, F, and A constitute a f^pace diagram of 
mmf vectors such as Figs. 173, 175, 178(6). Ea is also a space vector 
under the conditions of Figs. 184(c), (d), 185, Avhere its value is a 
function of the space position of the coil. As the linking of the result¬ 
ant flux <l> with the armature coils also varies with time, as described 
on p. 205, 0, and hence its mmf vector F, may be considered as time 
vectors also. Ea is also a time vector, just as I and E are time vectors, 
so that Ea may be combined with them. Hence, Ea and F or 0 may 
be considered as connecting links between the space diagram of mmfs 
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and the time diagram of currents and emfs. The space and the time 
diagrams, therefore, may be combined in one diagram as is done in 
Figs. 186 and 187. 

In Figs. 177 and 178 a rotating-field structure is assumed, whereas 
in several other figures the armature is assumed to be th(' rotating 
member. The assumption made in each case seems best ad^' ted to 
the particular reaction being analyzed. However, as explained on 
p. 157, it is immaterial which member rotates, since the operation of 
the alternator depends only on the relative motion of field and armature. 
Hence the conclusions that have been reached apply equally to the 
rotating-field and to the rotating-armature type of alternator. 

132. General Method. —In this method the values of the armature 
reaction and the armature leakage reactance must be known. The 



1 

Fig. 188.—Vector dia^am foi general method. 


armature reaction A may be computed quite accurately from Eq. 
(145) (p. 196).^ The armature leakage n^actance may be computed 
or measured. Both the armature reaction and leakage reactance may 
be determined from the Potier diagram (p. 222). 

Consider Fig. 188, in which the armature terminal voltage F, the 
power factor cos and the current 7, usually the rated value, are given. 
The vectors V and I are therefore determined. The IR- and 7X-drops 
are added vcctoiially to V, Fig. 180 (p. 201), to give the load induced 
emf Ea- The flux that will induce the emf Ea leads Ea by 90°; in 
the diagram the mmf F, which produces this flux, is found on the 
saturation curve corresponding to Ea (also see Ilg, 186). The arma¬ 
ture reaction mmf A is in phase with 7, Figs. 186, 187. The impres id 
field Fi is found by adding —A vectorially to F. The calculatv^d 
no-load emf E is found from the saturation curve, its value correspond¬ 
ing to the ampere-tums Fi, and E lags Fi by 90°, Fig. 186. If Fi, A, 
and F are expressed in ampere-tums, they are readily converted into 

^Lawrence, R. R., '"Principles of Alternating-current Machineryand also 
‘‘Standard Handbook,'' 7th ed.. Sec. 7. 
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terms of field current by dividing each by Nfy the field turns per pole. 
The regulation then is {E — V)/V (p. 203). 

The value of X may be determined experimentally as follows: The alternator 
is operated at short circuit, Fig. 192(6), the current being /[ amp. The cor¬ 
responding value of armature reaction is Ai, Fig. 191, and the value of the field 
mmf is F[, On open circuit with the field curreni unchanged, the induced emf is 
El. Hence the impressed field F[ leads Ei by 90°. On short circuit, however, 
the armature reaction reduces the mmf acting on the field, and the resultant field 
becomes F', the vector sum of F^ and Au Hence the actual induced emf at short 
circuit is F' lagging F' by 90°. To find F', Ai is computed by (145), p. 196, and 
F', the resultant of F[ and yli, then is determined. For most practical purposes, 
F' — F[ — Ai numerically. is found on the saturation cxirve, corresponding 
to F'; the armature impedance, 

z = f://;; X = ^z^rzrjii. 

Although this method gives more precise results than the syn¬ 
chronous-impedance or the mmf method, these less pi*ecise methods 
are preferred in many instances because of their greater simplicity. 

133. Synchronous-impedance Method, or Electromotive-force 
Method.—This method is often called the pessimistic method, because 
it gives a value of the regulation poorer than the actual regulation. 

An inspection of Fig. 188 shows that, with lagging current, both 
the armature h'akage-reactance drop and the armatun' reaction opc^r- 
ate to reduce the terminal voltage. Under ideal conditions, that is, if 
saturation is neglected and Ihe air gap is uniform, as occurs with 
smooth-core rotors, the armature leakage-reactance drop and the 
armature reaction are both proportional to the armature current. 
Also, under these conditions, the phase position of armature reaction 
is such that it has the same effect on the voltage relations as the arma¬ 
ture leakage-reactance drop does. This makes it possible to combine 
the effect of armature reaction with armature leakage reactance. 
Accordingly, in this method armature reaction as such is omitted, but 
its effect is retained by increasing the armature reactance by an 
appropriate amount over its actual value. 

Consider Fig. 189, the solid lines of which are identical with 
the alternator diagram of Fig. 188. If the same constant of propor¬ 
tionality exists between each emf and the field that produces it, 
Ea/F = E/Fi. Under these conditions, the point b at the terminal of 
E lies at the intersection of iA extended and E. Now consider A 
as acting alone. The flux that it produces will induce an emf Oa' 
lagging A by 90°. Under the foregoing conditions ba is equal to Oa' 
and is in phase with it. Hence, ba may be considered as being an emf 
in phase with IX and tending to reduce the terminal voltage of the 
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alternator, thus taking the place of the armature reaction, which causes 
an equal diminution in terminal voltage by reducing the field. Thus 
6a is a fictitious emf that replaces the effect of armature reaction on 
the main flux of the alternator. 

It is also evident that if IX be increased in value to IXs, where 
IXa = IX + abj E may be computed without Ea being ‘ nown. 
This assumes that the emf ah is always proportional to the armature 
current, which is not strictly true. 

The foregoing is the principle of the emf, or synchronous-impedance, 
method. X^ is called the synchronous reactancf of the alternator. 
The corresponding impedance == is called the syn¬ 

chronous impedance of the alternator. 


aH^ 

I 

Fig. 189.—Complete vector diagiam for synchronous-impedance method. 

The mmf vectors Fi, F, A, —A are not necessary to the method and 
may be omitted. They are given merely to assist in the development 
of the method. 

134. Determination of Synchronous Reactance.—l^e synchronous 
reactance is determined experimentally as follows. The saturatTon 
curve of the alternator, E vs. //, is first determined" in the usual 
manner and the curve plotted. Fig. 190. The field then is made very 
weak, and the alteriia^oF armature is shoi t-circuited through an 
ammeter* The field is then gradually strengthened, and a” ciir^ of 
armature current I vs //Is determined. The field is increased until 
the armature current Is about twice its rated value. These two curves 
are shown plotted in Fig. 190. 

Consider some value of field current //. On open circuit, %is 
field current produces an emf E^ On ^ort circuit, the terminal 
voltage of the machine is practically The voltage Ei does not 

actuairy“eSL§t“ iirfhe armature at short circuit, because of armature 
reaction. (The voltage actually induced is F', Fig. 191.) If, how¬ 
ever, the effect of the armature reaction is replaced by an armature- 
reactance drop, the voltage Ei may be considered as used~efrtirely4n 
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Bending the current I[ through the synchronous impedance of the 
armature. That is, 

El = I’lZ., 

where Z, is the synchronous impedance of the armature. This short- 
circuit condition is represented vectorially in Fig. 101, where ![ is the 
short-circuit current and Ei the assumed internal emf of the armature. 
The synchronous-impedance drop is made up of two components, 



Fig. 190. Opcn-circuit and short-circuH chaiartciistics ol alioinator. 



E'J AI 

Fig. 191.—Short-circuit vector diagram of alternator. 


/(K, where R is the effective resistance of the armature, and /JX,, 
where X, is the synchronous reactance of the armature. 

Obviously, 

= Yi’ 051 ) 

and 

X. -= (162) 

In practice, R is small compared with Z, and they combine almost 
in quadrature, so that 


X. 


El 

n’ 


very nearly. 


(153) 
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The value of the synchronous reactance depends to a large extent 
on the degree of saturation of the iron. For example, at low flux 
densities the armature mmf will have a much greater effect on the 
magnetic circuit than if the iron were saturated. Under short-cir¬ 
cuit conditions, therefore, where the iron is operating at low flux 
density, the synchronous reactance will be too large. The van;, ^lon of 
synchronous impedance with field current is shown in Fig. 190. As 
the iron becomes more saturated, the synchronous impedance decreases. 
Under operating conditions, the iron is considerably more saturated 
than it is under short-circuit test conditions. In order to approach as 
nearly as possible to operating conditions, it is desirable to obtain the 
synchronous impedance at the highest possible value of armature currenty 
as at l[y Fig. 190. Also, the synchronous impedance is determined at 
very low power factor, corresponding to short-circuit conditions, as 
shown by Fig. 191, where the angle a' between the current and the emf 
El is nearly 90°. The armature current is a maximum, therefore, 
when the axes of the armature coils are almost opposite the pole 
centers, as shown in Fig. 172 (p. 190). Under these conditions and 
with salient poles, the permeance of the magnetic circuit is a maximum 
so that the value of the synchronous impedance so determined is too 
large and substantially greater than for other positions of the coil, as 
shown, for example, in Fig. 170 (p. 188). 

From the foregoing it follows that the value of synchronous imped¬ 
ance determined at short circuit is too large and will make the calculated 
value of regulation too large. The synchronous-impedance method, 
therefore, is called the pessimistic method. It is a safe method to 
use in making a guaranty, because the alternator always regulates 
better than the computed values indicate. 

The following example will illustrate the use of this method: 

Example .—A 50-kva 550-volt siiiglc-phase alteruator has an open-circuit emf 
of 300 volts when the field current is 14 amp. When the alternator is short- 
circuited through an ammeter, the armature current is 160 amp, the field current 
still being 14 amp. The ohmic resistance of the armature between terminals is 
0.16 ohm. The ratio ofeffectiVB to oTimic resistance may be taken as 1.2. Deter¬ 
mine (o) synchronous impedance; (5^ synchronous reactance; (c) regiilation at 
0.8 power factor, current lagging. 

The rated current I = 50,000/550 = 91 amp. 

(a) The synchronous impedance Z, = = 1-87 ohms. 

The effective resistance = 1.2 ■ 0.16 » 0.192 ohm. 

(5) X, « \/(1.87)* ~ (0.19^ = 1.86 ohms. 

(c) cos 6 = 0.8, sin 0 = 0.6. 

Applying Eq. (147) (p. 201), 

S » \/[(550 • 0.8) -f (91 • 0.192)]* -f- [(550 • 0.6) -f (91 • 1.86)]* 

« \/209,000 + 249,000 « 677 volts. 
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As the synchronous reactance was used in computing E, the armature 
was taken into consideration, so that the no-load \oltage o e a ern 
presumably 677 volts. The regulation (p. 203), therefore, is 

~ ^5-^ 100 = 100 = 23 1 per cent. Ans. 

550 550 

It is to be noted in the foregoing example that the synchronous 
impedance is practically equal to the synchronous reactance 
and in most cases it may be assumed as Ixang e(iual to it without 
appreciable error. 



(c) Short-Circuit Test, Ammeters m Delta 

Fig. 192 —Connections for making open- .»nd shoi t-( ii ruit tests of alternator. 

136. Three-phase Application. —The methods of determining 
alternator performance give mu(‘h more satisfactoiy results with 
polyphase than with single-phase. This is due to the fact that, with a 
constant balanced load, polyphase armature reaction is steady and 
has constant relation to the field poles (Sec. 126). On the other hand, 
single-phase armature reaction is pulsating and causes a double-fre¬ 
quency pulsation of the flux (Sec. 125). 

Following are the applications of the synchronous-impedance 
method to 3-phase alternators. 
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In Fig. 192 are shown the connections for determining the s^’n- 
chronous impedance and armature reactance. Although the alter¬ 
nator is shown as Y-connected, it is immaterial whether the alternator 
actually is delta- or Y-connected. 

In (a) are shown the connections for making the open-circuit test 
of a 3-phase alternator. This is substantially the same meti» »d as is 
used with direct-current generators. The field is excited from some 
direct-current source, and the field current is measured with an 
ammeter. The armature is driven at the rated or sj^nchronous speed, 
and the open-circuit emf is measured for different values of field cur¬ 
rent. The emf of one phase only need be measured, as the phase 
voltages should all be equal. A frequency indicator F may be used 
for determining the speed of the alternator. An additional resistance 
Ri in the field circuit is often necessary for obtaining the points on 
the lower part of the saturation curve. 

In the short-circuit test, all three phases must be short-circuited. 
There are two methods of connecting the ammeters. They may be 
connected in Y, Fig. 192(6), in which case the ammeters read the Line 
current directly, or they may be connected in delta. Fig. 192(c), in 
which case the line current is obtained by multiplying the ammeter 
reading by V3 or 1.73. With the delta connection, the ammeters 
need have only about half the range (1/1.73 or 0.58) necessary for the 
Y-connection. The average of the ammeter readings is usually taken, 
although there should be little difference in the three readings. 

In calculating the regulation of a 3-phase alternator, only one of 
its three phases is considered in making computations. The regula¬ 
tion, efficiency, etc., of one phase is determined; the alternator being 
symmetrical, the other phases have similar characteristics. Only 
the single-phase calculations already d(\scribed are necessary. Two 
conditions arise, one when the alternator is considered as Y-connected, 
and the other when it is considered as delta-cvmnccted. In each case, 
only coil values of current and voltage are used. 

136. Regulation of Y-connected Generator. —It is impossible to 
determine whether an alternator is Y-connected or delta-connected 
unlest the winding itself be inspected. Fortunately, it makes no dif¬ 
ference, so far as calculation of the regulation is concerned. It 
may be assumed to be either, and the result is the same if the work 
is consistent. 

If the alternator is considered as Y-^onnected, the coil voltage is 
equal to the line voltage divided by -\/3. The coil current and the 
line current are the same. The method of dealing with such a problem 
is illustrated by the following example. 
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EM^u^ple.—Figure 193 shows the open- and short-circuit characteristics of a 
l,SOO-kva 2,300-volt 60-cycIe alternator. Terminal volts and line current are 
plotted as ordinates with values of field current as abscissas. Assume that e 
machine is Y-connected. The resistance between each pair of terminals as 
measured with direct current is 0.12 ohm. Assume that the effective resistance is 
1.5 times the ohmic resistance. Determine the synchronous reactance of the 
alternator and its regulation at 0.85 power factor, current lagging. 



0 40 80 120 160 200 240 280 320 360 400 440 480 

Field Current - Amp. 

Fig. 193.—Open- and short-circuit characteristics of 1,500-kva alternator. 


From Fig. 193, the maximum value of the short-circuit current is 1,400 amp, 
which is equal to the coil current, since the Y-connection is assumed. This cor¬ 
responds to 240 amp in the field, and at 240 amp field current the open-circuit 
terminal emf is 2,180 volts. I'he corresponding coil emf is 

2,180 , _ 

- ^ = i ,260 volts, 

V3 

Zg (per coil) = = 0.90 ohm = X,, nearly. 

If the resistance between terminals is 0,12 ohm, it includes two coils in series, 
as the Y-connection is assumed, so that the ohmic resistance per coil is 


^ = 0.06 ohm. 
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The effective resistance per coil is equal to 1.5 • 0.06 = 0.09 ohm. 

1 i500 000 

Rated current « ——= 376 amp per terminal. 

2,300 Vi 

2 300 

Rated emf per coil — --- 7 ^ = 1,330 volts. 

\/3 

cos e = 0.850, d « 31.8°, sin e == 0.527. 

No-load emf per coil is found by applying Eq. (147) (p. 201). 

E * \/l(l,330 - 0.850) + (376 • 0.09)]2 + [(l,330""6r527) + (376 • 0 . 90 )]* 
ss 1,560 volts. 

Percentage regulation per coil = ^ 

Open-circuit terminal emf == 1,560 V3 = 2,700 volts 

2 700 _ 2 300 

Percentage regulation using this value == ——' 2 300 ^ 

Arts, 

Or, applying Eq. (148) (p. 202), 

jP = 1,330 -f 376(0.85 - ^0.527) (0.09 -f 7 O. 9 O) 

* 1,537 + i269, _ 

\E\ - vmsiy + (269)2 =: 1,560 volts. 

137. Regulation of a Delta-connected Generator. —In the delta- 
connected alternator, the line voltage and the coil voltage are eciual, 
but the coil current is the line current divided by \/3. The ammeters 
connected in delta, as shown in Fig. 192(c), measure the coil current 
directly. 

Let it be assumed in the example of the preceding section that the alternator 
is delta-connected. If 240 amp, the same value of field current as before, is used 
the coil emf in the open-circuit test is now 
2,180 volts and the corresponding coil 
current in the short-circuit test is 
l,400/\/3 ~ 808 amp. 

The synchronous impedance per coil 

z. = = 2.70 ohms, 

or three times its previous value. 

Figure 194 shows the circuits of the delta 
when the ohmic resistance is measured 
with direct current. Let the resistance per coil be R and the resistance measured 
between any two terminals be Ro- The circuit consists of two parallel branches, 
one of R ohms and the other of 2i2 ohms. 

Therefore, 

Ro'^ R'^ 2R' 

R « %{R^), 



Fig. 194.“ Measurement of deltii 
coil resistanco with direct current 
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Therefore, the ohmic resistance per coil 

« - ^2 • 0.12 * 0.18 ohm, 

or three times its previous value. This must be increased 50 per cent, in order to 
obtain the effective re»sistance. 

1.5 0.18 = 0.27 ohm effective resistance. 

Rated coil current of the machine = 376/^3 = 217 amp. 

Applying (147), _ 

E = V[(2,300 • 0.85) 4- (217 • 0.27)]^ + [(2,300 • 0.527) + (217 • 2.7)1" 

= 2,700 volts, 

which checks the result obtained on the assumption that the alternator is 
Y-connected. 

Therefore, an alternator may he assumed to he either Y- or delta-con¬ 
nected when it is desired to calculate the regulation. 

138. Magnetomotive "force Method.—In tbo synchronous-imped¬ 
ance method of determining regulation, a voltage is substituted for 



Fio. 195 —Vector cliaKiam for iiiinf luethocl at umt> po'wer factor. 

armature reaction or for a mmf. In the mmf intdhod, a mmf is 
substituted for a voltage, this voltage being the 7X-drop in the 
armature of the alternator. In other words, the armature leakage 
reactance is considered as being zero, but the armature reaction is 
increased a sufficient amount to compensate for this. 

The method involves a short-circuit and an open-circuit test and 
in this respect is similar to the s 3 mchronous-impedance method. 
Figure 195 shows the principle of the method. This diagram is con¬ 
structed for unity power factor. V is the terminal voltage. To this 
is added the //^-drop, giving the voltage Vi. A certain field mmf Fi 
is required to produce this voltage V i. The value of this mmf in terms 
of the field current is found on the saturation curve, Fig. 196. Cor¬ 
responding to the value of Fi, the field current Fi is found. Fi is 
laid off at right angles to V i and leading it, as a mmf leads by 90® the 
emf that its flux induces. In the short-circuit test, the field current is 
adjusted until the rated current flows. The corresponding value of 
field current A', Fig. 196, is then read. The mmf represented by this 




ALTERNATOR REGULATION AND OPERATION 


219 


field current is necessary to send rated current through the armatuie 
leakage reactance and at the same time overcome the armature reac¬ 
tion, if the resistance be neglected. This mmf A' replaces the com¬ 
bined effect of the armature leakage reactance and the armature 
reaction. It is laid off 180° from the current, as shown at -- A', Fig. 
195. (The total mmf that is assumed to produce the total oltage 
drop is -|-A'. The component that must balance this mmf is —A'.) 
The resultant mmf is F, Avhich, at unity pow("r factor, is the square 
root of the sum of the squares of Fi and —A'. F is the mmf that 



Fig. 196 —Open- and short-circuit tests, rnnif method 


exists at no-load under the assumptions made. The no-load emf E 
lags F by 90°, Fig. 195, and is found on the saturation curve corre¬ 
sponding to field current F, Fig. 196. 

To summarize the method at unity power factor, the JiJ-drop is 
added to the terminal voltage, and the field current corresponding to 
this sum is found on the saturation curv^e. The alternator is then 
short-circuited, and the field cm rent necessary to send rated current 
through the armature is determined. The square root of the sum of 
the squares of these field currents then is found. The value of emf 
on the saturation curve corresponding to this resultant field current is 
assumed to be the no-load emf of the alternator. 

When the power factor is less than unity, the diagram is similar to 
that shown in Fig. 197. 
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The voltage V i is the vector sum of V and //?. Itfi value is readily 
found by projecting these voltages on the current vector. Thus, 

Fi = \/[F^s ir+7//F + 

In most cases, a numerical addition of V and IR is sufficiently 
accurate. 

The value of the angle a may be found by finding the angle /?. 

. y sin ^ 

sin p = —^ 

V 1 

a = 6 — 13. 

a is usually so small that it may be neglected. 



Ficj. 197.—Vortor cliaKrain for mrnf method, la»cg:ing current. 

The vector Fi leads V by 90° — a°, but a is so small that it may be 
neglected. The armature reaction vector —A' is 180° from the cur¬ 
rent vector. By geometry, the angle between —A' and Fi is 

X = 180° - (90° + e - a) 

= 180° - (90° + e) nearly 
= 90° — 0 nearly. 

By the cosine law, 

=Fl + A'2 - 2FiA' cos (90° + d). (155) 

The emf E corresponding toF and found from the saturation curve, 
Fig. 196, is the no-load emf of the alternator. 

Example .—(Xmsider the example of Sec. 136. The exact method will be used 
first. The alternator will be considered as Y-connected. 


Coil emf = 


2,300 


1,330 volts. 


Vx 


V3 

/iJ-drop is 376 • 0.09 — 33.8 volts, 
cos d — 0.85, sin d = 0.527. 

v/[(l,330 • 0.85) + (34)1* + [1,330 ^5^ = 1,359 volts. 
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Algebraic addition would have given 1,364 volts. 


sin 


1,330 > 0.527 


0.516, 


1,359 
— 31 1** ^ s= 31 8° 

a = 31.8° — 31.1° = 0.7°, which is negligible. 


From Fig. 193, the field current corresponding to 1,359 coil volts, or 2,o 0 volts 
on the saturation curve (2,350 = 1,359 \^)j is 


Fi — 266 amp. 

The rated coil current is 376 amp. Corresponding to -this current, Fig. 193, 
the field current is 64 amp from the short-circuit test. 


F* = 2662 4 . 542 _ 2.266 • 64 cos (90° + 31.8°), 

F2 92,840, F = 305 amp. 

From the saturation curve, the terminal voltage corresponding to 3C5 amp field 
current is 2,580 volts across the terminals, or 1,490 coil volts. 

Kegulation = —— ^ * = 0.120, or 12.0 per cent. Ans. 


Because of the low saturation on short circuit, a given mmf will 
produce a greater increase of flux than an equal mmf will produce under 
operating conditions, where the saturation of the iron is greater. The 
emf corresponding to a given increase in mmf at short circuit will be 
much greater, therefore, than the emf corresponding to an equal 
increase in mmf taken higher up on the saturation curve. This is 
illustrated in Fig. 196. On short circuit, the emf ah corresponds to 
the mmf A\ The additional emf de corresponds to a mmf be equal 
to A' but taken higher up on the saturation curve. The emf de 
is obviously much less than the emf ah. Hence, that part of the 
mmf A ' which replaces an emf is too small under load conditions. The 
no-load emf E found on the saturation curve is, therefore, too low, and 
the regulation as determined by this method is ordinarily less than the 
actual regulation. For this reason, this method is often called the 
optimistic method. This is illustrated by the foregoing example, where 
the regulation as obtained by the synchronous-impedance method is 
17.4 per cent, whereas that obtained by the mmf method is 12.0 per 
cent. 

That part of the mmf A' which actually is armature reaction 
too high on short circuit, owing to low saturation and to the favorable 
position of the armature coils with respect to the field poles. As in 
the synchronous-impedance method, this factor tends to give too high 
a value of regulation. These two sources of error tend to offset each 
other in the mmf method, whereas they both produce errors in the 
same direction in the synchronous-impedance method. The mmf 
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method, therefore, usually gives results closer to the actual regula¬ 
tion than does the synchronous-impedance method. The actual value 
of the alternator regulation ordinarily lies between the two values just 
determined. Were the saturation curve a straight line, both methods 
would give nearly the same result. 

139. Potier Diagram. —On p. 213 it is shown that the value of 
synchronous reactance, determined at short circuit, is too large, 
since it is obtained at low saturation of the magnetic circuit of the 
alternator. For this reason, synchronous reactance determined under 
these conditions is termed unsaturated synchronous reactance. There 
are methods for determining synchronous reactance that in large 
measure take saturation into consideration. Among these is the 
Potier method. In Fig. 198 is shown the alternator v'ector diagram 
for very low power factor, the current / lagging the terminal voltage 



Fig. 198.—Alternator vector diagram at low power factor. 


V by nearly 90°. Note that the terminal voltage vector V, the 
induced-emf vector Ea, and the excitation-emf vector E arc nearly 
in phase with one another. The resistaiuje-drop vector IR \s small 
and is practically at right angles to the other voltage vectors. Hence 
it has negligible effect on their suxns and differences so that 

IX, = jE - F 

and IX = J5a — y, practically. 

In the Potier method a no-load saturation curve GAG and a satura¬ 
tion curve at or near zero power factor EBFy Fig. 199, and usually at 
rated current, are determined. The low-power-factor curve may be 
obtained with an uiiderexcited synchronous motor as loa d, the motor 
operating satisfactorily to well below 50 per cent rated voltage. If 
the synchronous motor can b^ driven mechanically to supply its losses, 
the entire characteristic to zero voltage and at zero power factor may 
be obtained. The two saturation curves. Fig. 199, must be similar 
since the magnetic circuit is the same for both. This is illustrated for 
the salient-pole alternator in Fig. 172 (p. 190), which shows that at 
zero power factor the armature mmf acts directly on the poles them- 




ALTERNATOR REGULATION AND OPERATION 


223 


selves and is in direct opposition to the field mmf. Hence, the tw') 
curves, Fig. 199, must be similar, being displaced horizontally by the 
mmf of armature reaction (in terms of field current).^ It is therefc^re 
not necessary to obtain low values for the low-power-factor character¬ 
istic since the upper portions of the two characteristics may b' super¬ 
posed and the lower portion of the low-power-factor charactej i >tic is 
identical with the corresponding portion of the no-load characteristic. 
As a matter of fact, since the two characteristics are similar and 



Fig. 199.—Open-circuit and low-power-factor chaiacteiisticb of alternator. 

parallel, two points or so on the upper i)orti()n of the low-power-factor 
characteristic will permit the location of the no-load characteristic 
when superposed and the low-power-factor characteristic may then 
be traced. Also, the lower portion of the low-power-factor character¬ 
istic is essentially a straight line, so that it can be drawn quite accu¬ 
rately. Referring to Fig. 199, which gives the two characteristics for 
a 10,000-kva 6,900-volt 514-rpm 60-cycle water-wheel altemator, 
note that OE is the field current which produces rated-load current at 
short circuit (see Figs. 191 and 196). 

Let point A on the no-load characteristic OAG and B on the low- 

‘ Unless otherwise stated, armature mmfs will be given in terms of field current. 
If A is the armature mmf, then A Nflf, where Nf and If are the field turns and 
field current. Hence, // = AINf. 
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power-factor characteristic EBF correspond to the same degree of 
saturation. That is, if the curve EBF were moved so that point B 
coincided with A, the coordinate axes remaining parallel, the two 
curves would coincide. Draw BC parallel to the horizontal axis and 
A C parallel to the vertical axis. Since both points A and B correspond 
to the same degree of saturation, the net mmf acting on the magnetic 
circuit must be the same for both. The total field mmf corresponding 
to point B is OZ), and that corresponding to C is 0(7'. Since the net 
mmfs must be the same, the mmf BC = D(7' must be the demagnetiz¬ 
ing armature mmf A. Curve EBF gives terminal voltage, and curve 
OAG gives induced emf. If points B and C are made to coincide by 
moving curve EBF to the left parallel to itself, armature reaction is 
eliminated. The terminal voltage at zero power factor would be 
DB = C'C. Since the corresponding mmf is OC', the induced emf 
corresponding to terminal voltage C(7' is C'A. The difference AC 
between the induced emf and the terminal voltage therefore must 
be the 7X-voltage drop. Fig. 198. Hence, with a Potior triangle 
such as ABC, it is possible to determine the armature reaction and 
armature leakage reactance for any point of operation on the saturation 
curve. 

To determine points A and B, w^hich correspond to Ihe same satura¬ 
tion, the curve EBF may be traced on thin paper and superposed to 
coincide with curve OAG. A pin point over point A will locate B. 
This method frequently is not accurate, particularly if the saturation 
is low, for the coincidence of the curves is not critical. Another 
method is as follows: Since the curves OAG and EBF are parallel, 
Potier triangles ABC and A\EH must be equal. A^0, being at the 
bottom of the saturation curve, is essentially a straight line. Draw 
BJ equal to EO, and through J draw JA (A not being known) parallel 
to the lower part of the saturation curve. The intersection of JA 
with curve OAG locates point A, For accuracy, point A should be 
well up on the saturation curve. 

Example .—Referring to Fig. 199, which shows the no-load and low-power-factor 
characteristics for a 10,000-kva 6,900-volt 514-rpm Y-connected 0.8-power-factor 
60-cycle water-wheel alternator, the curves give voltages to neutral. The voltages 
DB and C^C are the terminal voltages to neutral, 3,980 volts. 

The effective resistance of the armature is 0.06 ohm per phase, and the field 
voltage is 240 volts. Determine by means of the Potier diagram (a) armature leak¬ 
age reactance; (6) armature reaction in terms of field current; (c) induced emf Ea at 
0.8 power factor, lagging current; (d) regulation at 0.8 power factor, lagging 
current. 

10,000 

6,900 \/3 


Rated current I 


837 amp. 



ALTERNATOR REGULATION AND OPERATION 


225 


6 000 

(а) Rated terminal voltage to neutral F « =: 3,980 volts; Distance 

V 3 

^(7 = 500 volts; X = = 0.597 ohm. A ns, 

( б ) Distance BC = 107 amp = A, Using Eq. (148) (p. 202 ), 

Ea « 3,980 + 837(0.8 ~70.6)(0.06 + jO.597) 

= 3,980 + 40.2 - j30.1 + j399.5 + 299.5 
= 4,320 + y369.4 volts, 

\Ea\ - V(4,320)2 (369.4)2 = 4^339 volts, or 4.330 kv (shown at ^ 2 ). Ans. 

From Fig. 199, the field current corresponding to 4,330 volts = 107 amp = Fi 

tan a, Fig. 18J (p. 202) = = 0.0855; a = 4.9°; 

cos e = 0.80; 0 = 36.9°; 0 + a = 41.8°. 

Referring to Fig. 188 (p. 209), 

7-f90°-f«-}-d = 180°; 7 = 90° - (a + (?) - 90° - 41.8° = 48.2°. 

Applying the law of cosines (p. 605) to the iiimf diagram. Fig. ISS, —A being 
considered a positive magnitude, 

F\ = A2 - 2FA cos (180° - 7 ) 

= 1072 4 - 1072 - 2 • 107 • 107 cos 131.8° 

= 27,890 + 11,450 + 35,740 sin 41.8° = 60,000. 

Fi = 251 amp. 

From the no-load characteristic. Fig. 199, for // = 251 amp, E = 5,230 volts, or 
9,000 terminal volts. 

Kc'gulation = = 0.314, or 31.4%. Ans, 

Notethat point i4 corresponds to an induced eii f of 1,500 v(d I.hereas the com¬ 
puted Ea is 4,330 volts, shown at At. Hence, strictly speaking, another triangle 
having ^2 at 4,330 volts should be used and the computation repeated, which 
again would give an ernf slightly different for At. However, the result obtained 
from the first recomputation will differ only .slightly from that obtained originally, 
and usually the general precision of the method does not warrant recomputation. 

140. American Standards Association Metliod. —Referring; to Fig. 
199, DB is the terminal voltage V at zero powc^r factor for field current 
OD, and DG is the corresponding no-load emf E. Hence, from Fig. 
198, GB = E — V is equal to IX^ for this df'groe of saturation. 
Hence, the saturated syn(*-hronous reactance Xg = GBfL For 
example, in Fig. 199, GB = 1,470 volts. Hence, 

Xs = = 1-76 ohms. 

The unsaturated synchronous reactance such as is obtained in the 
synchronous-impedance method also may be determined. OE gives 
the value of field current with rated armature current at short circuit. 
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The open-circuit emf corresponding to OE is EE^. Hence the un^tu- 
rated synchronous reactance = EE*/I = 3,670/837 == 4.39 o ms, 
or approximately 2.5 times the value of the saturated reactance. This 
illustrates the errors that saturation produces in the different methods. 
The armature 7/2-drop, which is very small and at right angles to the 
reactance drop, has been neglected. 

In the method given in the AIEE Standard of 1925, the saturated 
synchronous reactance was determined from the difference of the 
curves. Fig. 199, as described above, and then was used to obtain the 

regulation. This method has 
been superseded by the ASA 
method, first given in an ASA 
standard in 1936 and later in 
1943.^ The method is in reality 
the mmf method applied to a 
nonsatiirated condition, resist¬ 
ance l)eing nc'glected, and then 
correction made for saturation. 

In Fig. 200, OP is the arma- 
ture-curr('nt axis as well as the 
field-current axis, and the termi¬ 
nal voltage T" is laid off 0°, where 
cos 0 is the })()wer factor of the 
load. Then 7/2 and /.Y arc 
added vectorially to giv'e the 
internal induced emf Ea; X being 
the leakage reactance deter¬ 
mined from AC in the l\)tier 
diagram, Fig. 199. OG is the 
no-load saturation curve. OK is tangent to the straight j)ortion of 
the saturation cur^’e and is called the air-gaj) line. Tlie horizontal 
difference between the air-gap line and the saturation cui’ve at any 
emf is a measure of the saturation at that emf. Ar(;s with the origin 
as a center are swung to make OB - V and OC = Ea on the voltage 
axis. 7v is the field mmf necessary to produce F, were there no 
saturation. (In the discussion of this method mmfs will be given in 
terms of field current.) Line CA is drawn parallel to the axis of 
abscissas. The distance KA = 7« is the increase in mmf that is 
necessary to take into account the saturation at emf Ea, 

1 American Standard 50, Rotating Electrical Machinery, American Standards 
Association, Mar. 29, 1943. 
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In Fig. 201, If is the field current necessary to produce rated arma¬ 
ture current at short circuit, in Fig. 199 is equal to OE, and in Fig. 
196 is equal to A'. Ir is laid off at an angle 6 to the right of a per¬ 
pendicular to If. Ir is the resultant of If and Iv. I„ Fig. 200, is 
added in phase with /,, giving If = F. The emf OE correspoi ding to 
If or OD, Fig. 200, is the no-load emf E. The regulation tiien is 
(E - V)/V. 



Fig. 201.— Minf vector diagram for ASA method. 



Fig. 202.—Vector diagram for ASA method. 

The basis of the ARA method is given in Fig. 202. The terminal 
voltage Vj the current I lagging V by the angle 6, the field curren 
If = necessary to produce rated current at short circuit are shown 
vectorially. The vectors //?, 7X, Ea are shown dotted since they are 
not involved directly. As in Fig. 201, 7v, which leads V by 90°, is 
added vectorially to —If. Since ac = Iv is perpendicular to V and 
ab is perpendicular to 7, angle bac = 6. Ir is the resultant of 7 f and 
— 7^, as in Fig. 201. The vector is added to Ir and in phase with it to 
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give If, or F, the resultant mmf. Hence the vector diagram Oac and 
It, is similar to the vector diagram of Fig. 201, except that Iv is added 
to —If rather than to +/^ making the direction of 7r and I / upward to 
the left rather than to the right. 

Example. —Determine, by the ASA method, tlie regulation at 0.8 power factor, 
lagging current, of the* 10,000*kva 6,900-volt 60-cycle alternator (Sec. 139). 

In Fig. 199, OA7 = 7^ = 122 amp; the field current corresponding to the 
terminal voltage V, on the air-gap line, Ir = 118 amp. Applying the cosine law 
(p. 605) to the diagram, Fig. 201, 

n = If +Iv - ^I/I^ 
where 6 =» cos ^ 0 80 = 36.9°. 

11 = 1^" + 1182 - 2 • 122 • 118(- sin 0) [see Kq. (29), p. 604] 

= 14,880 + 13,920 + 17,270, 

Ir =215 simp, 

/,, Fig. 199, = 38 amp, 

/r + 7. = 215 + 38 = 253 amp = 7/. 

On curve GAG, Fig 199, corresponding to 253 amp, E — 5,250 v »lt8. 
K(‘gulation = ~ 0.319, or 31.9%. Am. 

0,980 

This is in close agreement with the 31.4 per ceni olitamed in Sec. 139. 

From the foregoing it follows that for a given current the regula¬ 
tion depends on the power Jactor. Th(* highest values of n^gulation 
occur at low power factors, lagging current. At unity power factoi* the 
values of regulation are nominal. With leading current, the terminal 
voltage tends to rise as load is applied, and the regulation may become 
zero or even negative. 

Figure 203 shows three typical load curves of an alternator, one 
being taken at unity power factor, the second at 0.8 power factor, 
lagging current, and the third at 0.8 power factor, leading current. 
The regulation in each case is 

Regulation = (150) 

It should be kept in mind that for a tixe^d kilowatt output the l egula- 
tion with lagging current is even poorer than the values obtained for 
fixed current output. 

The Potier and ASA methods minimize errors due to saturation. 
However, they do not take into consideration the wide variation of air- 
gap permeance occurring in salient-pole alternators. In the Blondel, 
or two-reaction, method this is taken into consideration. The arma¬ 
ture mmf is resolved into two components, a direct component acting 
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directly along the pole axis as in Fig. 172 (p. 190) and a quadrature 
component acting at right angles (in electrical space degrees) to the 
direct component or acting on the interpolar space midway between 
pole axes, Fig. 170 (p. 188). Because of the much lower permeance 
associated with the quadrature component, it is multiplied by a coef¬ 
ficient taking this factor into consideration. This method ha been 
developed further by Doherty and Nickle in a method that bears 
their names. One source of error, difficult to eliminate by simple 
methods, is the fact that when the mmf curves are nonsinusoidal thfc‘y 
cannot be represented correctly by vectors.^ 



riG. 203 —Chai arteiislic’3 of alteinatoi at diffoiont power faetoib. 

141. Efficiencies of Alternators. —Just as with dire(*t-current gener¬ 
ators, the input to alternators is not readily measured (see VoL I, 
Chap. XIV). The direct measurement of efficiency by actual loading 
is accompanied by the difficulties of providing the necessary power 
and finding suitable load. Hence, the efficiencies of alternators are 
usually determined from tlunr losses. 

In ASA Standard 50*'* (p. 31) the losses ar(‘ divided as follows: (a) 
field loss Pfiif) (b) rheostat loss IjRr] (r) brush-contact (electrical) loss 
in field collector-ring blushes; (d) exciter losses; (c) friction and wind¬ 
age; (/) brush-friction loss; (gr) ventilation loss; (/?) core loss; (z) 
loss in armature windings; {j) stray-load loss, due to eddy currents ip 
copper and additional core losses in the iron produced by distortion 
of the magnetic flux by the load current. 

^Lawrence, R. R., ^4Viiiciples of Alternating-current Machinery,and 
Langsdorf, a. S , Theory of Alternating-current Machinery,” McGraw-Hill 
Book Company, Inc. 

* See footnote 1, p. 226. 
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The foregoing losses are corrected to 75°C. (a) Field loss (== P/) 

may be obtained by multiplying the field current by the field winding 
voltage and is equal to where //is the field current and Rf the 
resistance of the field winding; (b) the rheostat loss is chargeable to 
the plant and not to the alternator; (c) usually neglected; (d) as with 
(b)j exciter loss is chargeable to the plant and not to the alternator; 
(e) friction and windage loss (= P/«,) is caused by mechanical friction 
and the fanning action of the alternator rotor. Windage loss is high 
in high-speed turbine-driven alternators, although it is greatly redu(;ed 
by hydrogen cooling (p. 172). It is defined as the mechanical power 
required to drive tlie alternator at rated speed with no excitation. 
It can be measured by driving the alternator with an auxiliary motor 
and measuring the input to the latter with and without the alternator 
being mechanically connected, correction being made for the change in 
losses in the driving motor. (/) This is included with (c); (g) ventila¬ 
tion loss (= Pv) is the power required to circulate the cooling air, in 
addition to windage loss. If there are long ducts external to the 
alternator, the lossas in these are not included, (h) Core loss (= Pd) 
is due to eddy currents and hysteresis caused by the main magnetic 
field. It is the difference in power required to drive the alternator 
with and without the field excittMl. In ASA Standard 50, Rule 2.112, 
it is stated that the alternator shall be excited so that the voltage at 
the terminals corresponds to the calculated intc^rnal emf which is 
equal to the rated terminal voltage corrected for resistance drop only. 
Since the air-gap flux is determinc'd by the internal induced emf 
(Secs. 128, 129, pp. 199 and 203) this emf would seem to be a more 
correct criterion. 

(i) Armature /-/Woss (— Pr) is defined as the sum of the PR- 
losses in all the armature current paths, tlie resistances R being meas¬ 
ured with dc and corrected to 75°C'. Thus, R is not the effective 
resistance, (j) Stray-load lossc's (= P«) are defined as the difference 
between the mechanical power input and the sum of the friction and 
windage loss (P/w) and the /^P-loss (Pr) at the temperature of the 
winding during the test, when the alternator is driven at rated speed 
with excitation adjusted to cause in the short-circuited armature a 
value of current corresponding to the load at which the loss is to be 
determined. Note that no correction is made for the core loss due to 
the resultant field, which acts to induce the short-circuit current. 
However, this field F', Fig. 191 (p. 212), and the corresponding loss 
are relatively small. The sum of the losses in (^) and {j) gives the 
loss due to the effective armature resistance (Sec. 121, p. ISfi). 

A convenient method for measuring the mechanical input in (e). 
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(i) ^ small d-c motor. Its armature input may be meas> 

ured for each condition of operation of the alternator and the output 
found by subtracting the armature copper loss and the stray power. 
If the friction and windage loss are known, the core loss (h) may be 
determined by measuring the input to the alternator operating as a 
synchronous motor and subtracting the friction and windage and 
the effective armature resistance loss. 

The efficiency becomes 

_ nVI cos d . 

- nVl cos '$ + P/+ + P; + P,i + + P,’ ^ ® ^ 

where n is the number of phases; V and /, coil voltage and current; 
cos 0, power factor; P/, field loss; P/„,, friction and windage loss; P,,, 
ventilation loss; Peu core loss; P/t, armature d-c resistance loss; P„ 
stray load loss. 

Th(' following tables give percentage efficiencies and other data for 
lypical synchronous generators. 


Characteristics of Three-phase 60-cycle Generators 
Single continuous rating, 50°C, 80% power factor, 240, 480, 600, 2,400 volts 
Manufactured by Westingliouse El(‘ctric Corporation 






Load 


Hating, 

kva 

Poh's 

Spe(*d, 

rpin 

Exciter 

kw 

at 

Half 

Three- 
quart ers 

Full 

Net weight, 
lb 




125 volts 

h^fficiency at 80% 
power factor 



Horizontal engine-driven type 


62.5 

24 

300 

1 

5 0 

84.6 

86.2 

87.3 

2,590 

125 

24 

300 

5.0 

87 5 

88.8 

89.7 

3,750 

500 

40 

180 

15 

90.6 

91.5 

92.0 

15,690 

1,000 

52 

138 

25 

91.9 

92.6 

93.0 

28,080 


Horizontal high-speed coupled type 


62.5 

6 

1,200 

1.5 

85.1* 

88.4 

89.9 

2,445 





86.9t 

88.0 

89.7 


125 

6 

1,200 

2.0 

87.9*t 

90.5 

91.6 

3,125 

500 

10 

720 

7.5 

91.6t 

93.1 

93.7 

7,920 

1,125 

10 

720 

10 0 

93 3t 

94.5 

95.0 

16,300 

2,188 

10 

720 

15.0 

94.6t 

95.4 

95.7 

19,950 


* 240 to 480 volts, 
t 2,400 volts. 
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Turbine-driven direct-connected type 


Armatures, (50° rise. Fields, 25° rise 


i,ooot 

2 

3,600 

15 

93 7 

95 8 

2,(X)0t 

2 

3,600 

20 

94 7 

95 7 

5,000t 

2 

3,600 

35 

94 7 

95.9 

15,000t 

2 

3,600 

100 

95 ] 

96 2 


t Kilowatts. 


CJu ft of air 
per mill 


95.6 
96 1 
96 5 
96.8 


3,500 

5,000 

12,000 

36,000 


Hydrogen-cooled Turbine-driven Direct-connei ted Standard 

Ratings 

85% power factor, 0.85 hhort-cireiiit ratio, psi* H 2 
All 2 poles, 3,600 rpin, 13,800 voltsf 


Rating 
m psi), 

Rating 
(4 psi), 

Turliino 

capabil- 

Rating j 

it 15 p.si 

Kxeiter, 

Kflieiency at 

'2 psi 







kw 

kva 

jty, kw 

Kw 

Kva 

kw 

* 2 


Full 

20,000 

23,529 

22,000 

23,000 

27,058 

no 

97.8 

98.0 

98.1 

30,000 

35,294 

33,000 

34,500 

40,588 

145 

97 8 

98 0 

98.1 

40,000 

47,058 

44,000 

46,000 

54,117 

155 

98 0 

98 1 

98.3 

60,000 

70,588 

66,000 

69,000 

81,176 

200 

98.0 

98 5 

98.5 




(15% above ' 2 Psi) 




1 


* Psi Ha *» pouiids pfi sqiiaie inch of h.\dioKCn. 
t Machines ovci 100,000 kw uic ubU4dly 1,800 4 polc.s. 


142. Voltage Regulators.—A'oltagc regulators for tl-e generators are 
described in Vol. I (C^diap. XII). With alternators, such regulators 
are more necessary even than with d-c generators, since the icgulation 
of alternators is much greater than for d-c generators, as is illus¬ 
trated by the exam]iles (pp. 210 and 228). Furthermore, there is no 
satisfactory method of compounding alternators. The Tirrill regula¬ 
tor described in Vol. I, with a few changes to adapt it to alternating 
current, is also applicable to alternators. The princijile of operation 
is the same, that is, the exciter field rheostat is intermittently short- 
circuited by vibrating relay contacts, the duration of the short-circuit 
period depending on hoiv far the voltage has departed from its pre¬ 
scribed value. 

A number of regulators have been developed having some advan¬ 
tages over the Tirrill type. Typical of such regulators is the Silverstat, 
developed by the Westinghouse P^lectric Corporation. A diagram is 
shown in Fig. 204. The main control element consists of an open 
‘C-type magnet with an iron armature capable of being drawn into the 
air gap. The armature system consists of a pivoted arm that swings 
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on an axis, and the spring S, by lever action, tends to pull the armature 
out of the air gap. 

The regulating system consists of a number of leaf springs mounted 
close together but insulated from each othei. A connection is made 
from the fixed end of e^ach spring to a tap on the regulating resistance 
in series with the shunt field of the exciter. The tap connections an 


Exciter 
Shunt Field 



Fig. 204.—Silvorstat voltago regulator. {Westinghoasc Electric Corp.) 


made consecutively. Silver contact buttons are mounted on the free 
ends of the springs, so arranged that when the driving member is 
exerting little or no pressure the buttons are all out of contact and 
there is no shunting of the regulating resistance. When the driving 
member exerts its greatest pressure, the buttons are all in coiitact, 
thus short-circuiting the entire regulating resistance. 

Hence, as the moving arm moves through its travel, depending 
on its direction, it closes or opens the contacts of the silver buttons in 
sequence, cutting out or inserting resistance by small steps in the 
exciter shunt-field circuit. Since the resistance between buttons 
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•V 

depends on the pressure, the resistance in the field circuit is actually 
varied in almost infinitesimal stojis. 

The voltage control circuit is connected across one phase of the 
alternator whose voltage is to be controlled, a potential transformer 
being used if the voltage exceeds 125 volts. A Rectox rectifier, bridge- 
connected to give full-wave rectification (p. 558), converts the alternat¬ 
ing current to direct current. This current flows through the magnet 
coil, the voltage-adjusting rheostat, and the secondary of the damping 
transformer all in series. Thus the control mechanism is operated 
with direct current. 

If the voltage of the alternator rises, the armature is drawn further 
into the air gap of the magnet, causing the driving member to reduce 
the pressure on the leaf springs, opening some of the short-circuiting 
silver buttons, thus inserting more resistance into the exciter field, 
and bringing the voltage back to its correct value. If the voltage of 
the alternator drops, the process is reversed. To stabilize the regu¬ 
lated voltage and prevent excessive oscillations or swinging with excita¬ 
tion change, a damping transformer is conne(*ted with its primary 
across the field circuit of the generator being regulated and its second¬ 
ary in series with the regulator coil. When the ev(*itation changes, a 
transfer of energy by induction occurs between the primary and 
secondary circuits. Because of the direction in whi(‘h the tw^o wind¬ 
ings are connected, the energy exerts a damping acticm on any tendency 
toward oscillations in the two circuits. The transformer is of special 
design, having a short air gap in its laminated magnetic circuit. As 
the transformer is connected betw^een d-c circuits, it does not operate 
when the system is in a balanced condition. 

The advantages of this regulator are as follows: It is simple and 
direct acting. There are no vibrating contacts, the only moving 
contacts being the silver buttons supported by the leaf springs. Since 
the moving element has little inertia and the maximum travel of the 
driving member is only a fraction of an inch, the regulator functions 
q\ji<$1kly, and the maintenance is low. 

143. Parallel Operation of Alternators. —The same reasons that 
make it necessary to operate direct-current generators in parallel 
(see Vol. I, Chap. XIV) apply to alternators. Since there are no 
commutation difficultic's, alternators are made in units of very much 
greater rating than is possible for direct-current machines. The 
largest single alternating-current unit it the present time has a rating 
of 200,000 kva (see p. 2). 

In o rder to operate satisfac torily in parallel, direct-current gen¬ 
erators must have drooping voltage^charac^eristics. Tn ’ brder'tlTat 
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alternators may operate satisfactorily in parallel, their yrime movers 
TT finst YiSLverdrooj^na speed-load cliaracteristics The reason foi this 
is as follows : 

Two alternators 1 and 2, Fig. 205(a), which for simplicity are 
shown as single-phase, are operating in parallel. If they are operating 
in parallel, the terminal voltage and frequency are necessarily the same. 

Figure 206(5) shows the speed-load characteristic of each of the 
prime movers driving the alternators. (Instead of plotting speed in 




Fig. 205.—Parallel oi>oration of alternators. 

rpm, the frequency or electrical speed is plotted. For example, a 
()-pole alternator running at 1,200 rpm would have the same electrical 
speed as an 8-pole alternator running at 900 rpm.) 

The load is given in terms of the output the alternators, the di|- 
ference between prime-mover output and alternator output being the 
small losses in the alternators, exclusive of field loss. For cmrity, 
the change of speed is exaggerated. 

The speed-load curves of the prime movers are determined by their 
governors, if they are steam-, water-, or gas-driven units. If they are 
motor-driven the speed-load characteristics depend on the motor speed¬ 
load characteristics. 
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The prime-mover governors are adjusted, Fig. 205(6), so that the 
no-load frequency /o of the two alternators is the same. Under all 
conditions of load the alternators, being in parallel, must operate at 
the same frequency. 

Let oc, Fig. 205(6), be the frequency at which the system is operat¬ 
ing. By projecting horizontally to intersect the speed-load curves, 
the load taken by each alternator at this frequency is obtained, oa 
is the load on alternator 1, and oh is the load on alternator 2, as both 
alternators must be operating at system frecpiency. Let the field of 1 
be strengthened by means of its field rheostat. At the same time, 
weaken the field of 2 so that the line voltage does not change. If 
these were direct-current generators, generator 1 would immediately 
take more load. But 1 cannot take more load because its prime mover 
can deliver only the load oa at this frequency. Alternator 2 cannot 
drop any load because its prime mover can deliver only the load oh 
at this frequency. Both alternators must always operate at the same 
frequency, which is not true of diiect-current generators. Therefore^ 
the kilowatt load delivered hy alternators in parallel cannot be shifted 
appreciably hy means of the generator fields. 

To change the kilowatt load of either alternator, the speed-load 
characteristic of its prime mover must be changed. In engine- and 
turbine-driven units, this is done by changing the tension in the 
governor spring or altering in some manner the governing device. 
Assume, in Fig. 205(c), that it is desired to make alternator 1 take the 
same load as 2. The governor s])ring of 1 is adjusted so that the 
characteristic of 1 is raised, as shouii in Fig. 205(c). Both alternators 
now deliver the same load oa' at a frequency oc'. Under the conditions 
shown. Fig. 205(c), the frecpiency oc' is higher than the original fre¬ 
quency oc in (6). 

If the original frequency is to l>e maintained, the speed-load 
characteristic of 2 must be lowered at the same time that the character¬ 
istic of 1 is raised. Thetefore, to adjust the power load between 
alternators in parallel, the speed-load characteristics of the prime 
movers must be changed. If the alternators are driven by shunt 
motors, the speed-load characteristics of the motors may be changed 
by adjusting the motor field rheostats. It will be noted, in Fig. 
205(c), that the loads of the two alternators are equal at one frequency 
only. Also, the no-load frequencies are now different, that of 1 being 
/o and that of 2 still being /o. 

If the speed-load characteristics of the prime movers were flat, 
the operation of the alternators in parallel would be unstable. That 
is, very small disturbances or changes of frequency would cause very 
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large fldctuations in the kilowatt load delivered by each alternator. 
Thi^ondition would result in serious operating difficulties. 

\yl44. Synchronizing Power. —It has been shown that direct-current 
shunt generators operating in parallel are in stable equilibrium (see 
Vol. I, Chap. XIV). That is, any circumstance that tends to throw 
machines out of parallel is counteracted by reactions opposing this 
tendency. In the same^way, any action tending to throw ' Itemators 
out of parallel is opposed by reactions that tcmd to prevent the alterna¬ 
tors pulling out. This is most clearly illustrated by the conditions 


^0 




_ 

i 

Fig. 20G.- Synchronizing current of alternators in paiallel. 


existing when neither alternator is supplying external load. If the 
two alternators are considered as a local series circuit, their einfs are 
in opposition. These emfs are represented in Fig. 206 by E\ and E 2 - 
El and E^ are etiual and ojiposite, so that the net emf acting in the 
local circuit of the two alternators is zero. There is, therefore, no 
current flowing between the alternators, just as there is no current 
circulating between two batteries having equal emfs and with terminals 
of like polarity connected together. 

Assume that the prime mover of generator 1 speeds up temporarily. 
The internal induced voltage of generator 1 
will advance an angle a with respect to Ei, 

That is, El will advance to position E[. The 
vector sum of the two alternator emfs E[ 
and El will no longer be zero; but, owing to 
the change in their phase relation, the vector 
sum of E[ and E^ will be Eq. 

The result is the same as with the two batteries of Fig. 207. Bat¬ 
tery 1 has an emf of 10 volts, and 2 has an emf of 8 volts. If the load 
current is zero, the current circulating oetween these batteries is 
found by dividing the sum of the two emfs, giving each the proper sign, 
by the sum of the resistances of the two batteries. That is, 


4=2 °r: 

c=io v.n: 
r=o.5n T~ 


^=8V. 

JV=0.6J1 


No. 1 No. 2 

Fig. 207.—Batteries in par- 
nil 


r = 10 + 

“ 0.5+ 0.5 


= 2 amp. 




In the same way, the cui*rent circulating between the two alterna¬ 
tors is given by the resultant voltage divided by the sum of the imped¬ 
ances of the two alternators. 


|Io| 


Bo - 

V{Ri + R2?'+ (X, + 


r _ B\ Bi 


(158) 
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where Zi, Z^; Ri, R 2 ; Xi, X 2 are the impedances, resistances, and 
reactances of the two machines. As the resistance of an alternator 
armature is very small compared with its reactance, this circulatory 
current will lag by an angle nearly 90®, with respect to the emf Eo 
producing it, as shown in Fig. 206. This causes lo to be nearly in 
phase with the emf E[, It therefore puts a power load on alternator 1, 
which tends to slow it down. On the other hand, /o is nearly 180® 
from F 2 , that is, it is acting in opposition to F 2 . lo therefore develops 
motor action in alternator 2, as the induced emf acts in opposition to 
the current. This motor action tends to speed up alternator 2. 
Therefore^ if two alternators in 'parallel attempt to pull out of sfep^ a 
current is developed that circulates between the two machines. This 
current tends to accelerate the lagging alternator and to retard the leading 
alternator and so acts to prevent the alternators from pulling out of 
synchronism. 

If the alternators are operating under load, lo merely puts more 
load on the alternator that tends to lead and takes load from the 
alternator that tends to lag. The lagging alternator will not ordinarily 
operate as a motor, as it did under no-load (conditions, but as its load 
is reduced, its angular position will be advanced. 

/Because lo tends to hold the two generators in synchronism, it is 
^lled the synchronizing current. 

'y 146. Reactive Power. —It is stated in Sec. 143 that changing the 
field current does not vary appreciably the distribution of power load 
between two alternators. It does, however, affect the current and the 
reactive volt-amperes (vars) delivered by the two alternators. Figure 
208(a) shows the vector diagram for two similar alternators having a 
common terminal voltage V. The alternators are delivering equal 
currents h and 72, which are in phase with the terminal voltage V. 
The resultant load current is their sum which is in phase with V. 
As the alternators have equal resistances and reactances, their internal 
emfs El and E 2 are equal. (In this diagram, the alternators are treated 
with reference to the external circuit, in which case the voltages and 
currents are acting in conjunction.) 

Let the field of alternator 1 be weakened and that of 2 be strength¬ 
ened. It has been shown already that this cannot affect appreciably 
the division of the kilowatt load between the alternators. When the 
field of alternator 1 is weakened, its internal emf decreases; and when 
the field of 2 is strengthened, its internal emf increases. The alterna¬ 
tors must continue to have equal terminal voltage. It has been shown 
already that, if an alternator delivers a leading current, its internal 
emf is less than when it delivers a lagging current (see Sec. 128, p. 199). 



ALTERNATOR REGULATION AND OPERATION 


239 


Through armature reaction, a leading current in an alternator tends to 
strengthen the field, and a lagging current tends to weaken the field. 

For alternator 1 to operate with a reduced internal emf, it must 
deliver a leading current, making Ei, Fig. 208(6), less in magnitude * 
than its previous value. Fig. 208(a). On the other hand, £ 2 , Fig. 
208(6),- is greater in magnitude than in Fig. 208(a), because alternator 
2 now delivers a lagging current. Also, through armatur reaction, 
the leading current in generator 1 tends to strengthen its field, and the 
lagging current in generator 2 tends to weaken its field. In both 
cases, the change of flux produced by change in field current is opposed 
by armature reaction. The load current V cannot change in phase or 
in magnitude, as the phase and magnitude of 7' are determined entirely 
by the character of the system load. Therefore 7i and 1 2 will adjust 



Fig. 209.—Vector diagram showing effect of excitation on altcrnatfjr circulatory current. 


their magnitudes and phase relations so that their vector sum is equal 
to 7' in phase with V, If 7i and 1 2 are etpial, as shown in (6), they 
must make equal angles B with V so that their resultant 7' will still 
lie along V. 

It will be noted that each alternator is delivering a larger current 
than it did before and yet the kilowatt output of each has not changed. 
This means that the heating (7^72) loss in each alternator has been 
increased with a corresponding decrease in efficiency and power rating. 
This is not, therefore, the best condition of operation. ‘ 

Figure 209 shows the diagram of Fig. 208(6) with the voltage ^rops 
eliminated. Eq is now the difference of Ei and JE 2 , and 7o, the circulat¬ 
ing current, lags E^) by nearly 90°, as in Fig. 206. Note that 7o, the 
difference of 7i and 1 2 in Fig. 208(6), is nearly in quadrature with the 
terminal voltage F, so that it transfers practically no power from one 
alternator to the other. This substantiates what has been demon- 
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strated already, that changing the field current cannot transfer 
appreciable power load from one alternator to the other. It does, 
however, transfer lagging (negative) vars from the overexcited to the 
underexcited alternator, causing the latter to deliver leading, or positive 
vars. 

In the preceding discussion the reactions incident to parallel .opera¬ 
tion have been analyzed with respect to the leakage-reactance drop 
IX and the internal induced emf Ea- Synchronous reactance X« may 
be substituted for the leakage reactance A" if the effect of armature 
reac^on is omitted. The no-load, or excitation, emf E is then obtained, 
ra^er than the internal emfs Ei and E 2 ^ 

^ 146. Synchronizing. —Before direct-current gcnci*ators can be con¬ 
nected safely in parallel, two conditions must be fulfilled. The two 
terminal voltages must be equal, or substantially so, and the proper 
polarity must be observed. 

The same two conditions must be fulfilled when alternators are 
connected in parallel. The equality of voltages can be readily 
determined by connecting a voltmeter first to one alternator and then 
to the other. The voltmeter, when so connected, does not give any 
indication of the instantaneous polarity, as the indications of an 
alternating-current voltmeter arc independent of polarity. 

Lamps, however, can be used to determine the coiTect polarity. 
Figure 210 shows the connections for phasing a 3-pliase alternator 
with the bus bars. A lamp is connect(*d across each pole of the 3-pole 
switch that connects the alternator to the bus bars. Strictly speaking, 
the voltage rating of the lamps should be 15 per cent gieater than that 
of either alternator or bus bars. For example, if the system is 220 
volts, two 115-volt lamps in series may be used across each pole, 
although these lamps will be subjt'cted to overvoltage during a part 
of the synchronizing period. If .tjie incoming alternator is properly 
connected, the three lamps should all become bright and dim together. 
If they brighten and grow dim in secpience, this means that the phase 
rotation of the alternator is opposite to that of the bus bars, so that any 
two of the leads from the alternator must be reversed. 

The lamps flicker at a fr equency (Miual to the difference in the fre¬ 
quencies of the alternator and the bus bars. As the frequency of 
the alternator approaches that of the bus bars, the flicker becomes 
slower and slower. When the lamps arc all dark, the switch may be 
closed. The fact that the lamps are all dark indicates that the poten¬ 
tial difference between each switch blade and its clip is nearly zero and 
the two alternators ai*e in opposition so far as their local series circuits 
are concerned. Two points across which the potential difference is 
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zero may be connected without any resulting disturbance, so that the 
switch now may be safely closed, and the two alternators are thus put 
in parallel. 

The disadvantage of this method is that an incandescent lamp is 
dark even though a considerable voltage may exist across its terminals 
and the alternators may be connected in parallel, theiefore, when 
considerable voltage difference exists between them. Tlr may do 
no harm with slow-speed or small-capacity units; but with high-speed 
turbine-driven units, which have little armature reactance and are 



Incoming 

Alternator 


Fi<j. 210.—Connections for “three-dark“ method Fio. 211.—Connections for “ two- 

of synchronizing with lamps. bright-and-one-dark “ method of syn¬ 

chronizing with lamps. 

quite ^'sensitive,'' there may be^ considerable disturbance if there 
exists a substantial phase difference at the time of connecting in paral¬ 
lel. Another objection to this ^Hhree-dark” method is that the lamps 
do not show whether the incoming alternator is fast or slowr 

The foregoing difficulties may be eliminated in part if the con¬ 
nections of two of the lamps, as 1 and 2, Fig. 211, be crossed. ^When 
the alternator and bus bars are in synchronism, 1 and 2 are bright and 3 
is dark. As one of the bright lamps is increasing and the other is 
decreasing in brilliancy near the point of synchronism, it is possible to 
determine very accurately the instant at which the switch should be 
closed. This is called the Siemens-Halske or two-hright-and-one^ark 
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method. By noting the sequence of brightness of the lamps, it can 
be determined whether the incoming alternator is fast or slow. 

The best method is to use the synchronism indicator, or syn¬ 
chroscope, described in Chap. IV (p. 114). Such an instrument shows 
accurately the position of synchronism. The synchroscope is con¬ 
nected across one phase only. It is possible that one phase of each 
alternator may be in synchronism while the other two arc out of phase 
owing to incorrect phase rotation. The correct phase rotation must 
be determined by lamps or by other means before depending entirely 
on the synchroscope. Synchronizing lamps are often used in con¬ 
junction with a synchroscope so that the operator has a check on the 
instrument. 

In central stations, alternators ordinarily operate at voltages of 
600 to 13,800 volts and higher, so that it becomes necessary to use 
potential and current transformers (p. 300) with the instruments. 
The lamps and synchroscope then would be connected to the secondar¬ 
ies of the potential transformers, which usually operate at 115 volts 
or thereabouts. Also, the lamps and synchroscope are usually con¬ 
nected directly to a synchronizing bus, which in turn is connected to 
the secondaries of the potential transformers whose primaries are 
connected to the main bus. Connections then are made between the 
inc.oming alternator (through the potential transformers) and to the 
synchronizing bus by means of a plug connector. 

147, Hunting. —The driving tonpie of a reciprocating engine, or 
of a gas engine, is not uniform during a revolution of the flywheel but 
varies from zero at the dead centers to a maximum at some inter¬ 
mediate position. Even with a heavy flywheel, this variation of torque 
may impart impulses to the induced emf, causing it to be ahead of its 
correct position at some instants and behind it at other instants. 
This causes large synchronizing currents to flow between alternators in 
parallel and often causes their rotating members to “oscillate’^ about 
their average speed as they are rotating. The angular effect of the 
crank position can be appreciated when it is realized that in a 60-polo 
alternator a displacement of 1 mechanical degree, or space degree, in 
the rotating member makes a difference of 30 electrical degrees in the 
phase angle of the emf. The impulses often are communicated to 
the system, causing synchronous motors and converters to oscillate. 
These oscillations are called hunting. Hunting may become serious if 
the engine governors have a natural frequency of oscillation nearly 
the same as that of the machine rotors. The oscillations may then 
become cumulative and may even cause the alternators to go out of 
synchronism. 
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Remedies for hunting are to use heavy flvfrheels, to put dashpots 
on the engine governors, and to use amorti^ur or squirrel-cage '.viud- 
ings around the field (see Fig. 159, p. 17 *). Where several engine- 
driven units are used, they are often paralleled when their cranks 
occupy different angular positions. This minimizes the effect of the 
engine impulses on the system, although this effect is uk reased so far 
as the local interchange currents between alternators is coi.oemed. 



CHAPTER VTII 
THE TRANSFORMER 


The static transformer is a device for transferring electrical energy 
from one alternating-current circuit to another without a change in 
frequency. This transference is usually, but not always, accompanied 
by a change of voltage. A transformer may receive energy at one 
voltage and deliver it at a higher voltage, in which case it is called a 
step-‘Up transformer. A transformer may receive energy at one voltage 
and deliver it at a lower voltage, in which case it is called a step-down 
transformer. A transformer may receive energy at one voltage and 
deliver it at the same voltage, in which case it is called a one-to-one 
transformer. 

A static transformer has no rotating parts; therefore, it requires 
little attention, and its maintenance is low. The cost per kilowatt of 
transformers is low as compared with other apparatus, and the 
efficiency is much higher. As there are no teeth, slots, or rotating 
parts, and the windings can be immersed in oil, it is not difficult to 
insulate transformers for very high voltages. 

Because of these many desirable characteristics, the transformer is 
a very useful piece of apparatus. As it can transform from low to 
high voltage, and from high to low voltage economically, it is largely 
responsible for the extensive use of alternating current. 

148, Transformer Principle. —The traiihformer i>> based on the 
principle that enei*gy may be efficiently transferred by induction from 
one set of coils to another by means of a varying magnetic flux, pro¬ 
vided that both sets of coils are on a common magnetic circuit. 

Electromotive forces are induced by a change in flux linkages. In 
the generator, the flux is substantially constant in magnitude. The 
flux linking the armature coils is changed by the relative mechanical 
motion of flux and coils. In the transformer, the coils and magnetic 
circuit are all stationary with respect to one another. The emfs aie 
induced by the change in the magnitude of the flux with time. This is 
illustrated in Fig. 212. 

A core such as is shown in Fig. 212 is made up of rectangular 
stampings of sheet steel, clamped together. 

A continuous winding P is placed on one side, or leg, of the iron 
core. Another continuous winding /S, which may or may not have 

?44 
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the same number of turns as P, is shown diagrammatically as being 
placed on the opposite side, or leg.^ An alternator A supplies current 
to the primary winding P. As this winding is linkecTwith an iron core, 
its mmf produces an alternating flux <l> in the core. This alternating 
flux links the turns of the winding S, As this flux is alternating, it 
induces in the winding S an emf of the same frequency as the flux. 
Because of this induced emf, the secondary winding S is capable of 
delivering current and energy. The energy, therefore, is transferred 
from P, the primary, to S, the secondary, by means of the magnetic 
flux. 

At the instant shown in Fig. 212 the upper conductor is positive 
so that the direction of the flux in the core is clockwise. 

The winding P, whi(*h receives energy, is called the vrimary. The 
winding S, which delivers energy, is called the secondary. In a trans- 



Fia. 212 —Simple transformer, secondaiy open oirouited. 


former, either winding may be the primary, the other being the second¬ 
ary, depending upon which winding receives and which delivers 
energy. 

149. Induced Electromotive Force. —The flux called the mutual 
flux, in passing through the magnetic circuit formed by the iron core, 
links not only the turns of the secondary winding S but also the turns 
of the primary winding P. An emf, therefore, must be induced in both 
the windings S and P. As this flux 0 is the same for each of the two 
windings, it must induce the same emf per lurn in each winding. The 
total induced emf in each wdnding then must be proportional to the 
number of turns in that winding; that is, 


P2 


(159) 


where Ei and Ei are the primary and secondary induced emfs and 
N\ and N 2 are the number of turns in primary and secondary, respec¬ 
tively. In the ordinary transformer, the terminal voltage differs 

^ Actually, the primary P and the secondary S will be on the same leg to reduce 
magnetic leakage (see p. 268 et seq). 
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from the induced emf only by a very small percentage, so that for most 
practical purposes it may be said that the primary and secondary 
terminal voltages are proportional to the rcvspective number of turns. 

The induced emf in a transformer is proportional to three factors— 
the frequency/, the number of turns N, and the maximum instantane¬ 
ous flux <l>m. The equation for the induced emf, assuming a sine wave 
of flux may be derived as follows: 

Figure 213 shows the mutual flux varying sinusoidally with the 
time. Between points a and h the total change of flux is 20^ maxwells. 
This change of flux occurs in a half-cycle, or in a time T/2 sec, where T 
is the 'periody or the time required for the wave to complete one cycle. 
The time T/2 is equal to 1/2/ sec. 



Fig. 211?. Sinusoidal variation of flux with time. 


The average induced emf is equal to the total change of flux divided 
by the time (see Vol. I, Chap. IX). That is, 

e' = —N volts 

i /1 

= —N volts 

= —4/iV<^,„10“’* volts 

Since with a sine Avave the ratio of rms to average volts is 1.11 
(see Sec. 7, p. 13), the rmn induced emf is 

E = 4.44/iNr<#>^10“‘^ volts, (160) 

the negative sign being dropped. The factor 4.44 is four times the 
form factor, which is 1.11 for a sine wave (see Chap. I, Sec. 7, p. 13).^ 

^ Compare (160) with (139) (p. 177), using 2N instead of Z in (139). 
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If the flux varies other than sinusoidally with the time, a factor k/ 
called the form factor must be substituted for 1.11 in Eq. (160). 

Equation (160) may be proved more rigorously as follows: 

<P = <t>m sin iat (I) 

e = —N ~ 10~® = —N4>m cu cos to/(10~*) volts. (II) 

The maximum emf 

Em — N<i)m<a lO”* = 2TrfN<i>rnlO ® VOltS. 

E = ~ = 4.44/A'’()>„10-» volts. 

V2 

If the mks system is used, (p and <j>m are expressed in webers and 
(160) becomes 

E = 4AAfN<t)ni, voHs. (160a) 

The maximum flux <t)m = BmA^ where Bm i« the maximum flux 
density and A is the core cross section. (160) may then be written 

E = AAAfNBrJili)-^ volts. (161) 

Frequently, this equation is more convenient to use, for transformer 
cores are designed on the basis of permissible flux density. The use 
of (161) is illustrated in the following example; 

Example .—The core of a 60-cycle transformer has a net cross s(‘ction of 20 sq in., 
and the rnaxiimim fi\ix density in the core is 60,000 maxwells per sq in. There 
are 700 turns in the primary and 70 turns in the secondary. 

Determine the induced emf in primary and secondary. 


Also, 


El = 4.44 • 60 • 700 • 60,000 - 20 • lO'* = 2,237 volts. Arts. 
E 2 = 4.44.60 • 70 • 60,000 • 20 • 10 « = 223.7 volts. Arts. 


E'l = 


^237 

10 


= 223.7 volts. Ans. 


Equation (I) giving the flux is a sine function, and Eq. (II) giving 
the induced emf is a negative cosine function. Hence, a sinusoidal 
emf lags the flux inducing it by 90®. 

160. Ampere-tums. —Figure 214 shows a transformer having a 
primary and a secondary winding. The directions of the flux, %f the 
voltages, and of the currents, as indicated in the figure, are those at 
the instant when the upper primary conductor is positive and the 
current is increasing. Assume, first, that there is no load on the 
secondary. Under these conditions a very small current lo flows in 
the primary, usually from 1 to 3 per cent of rated current. 
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This no-load current, /o, called the exciting current, supplies the 
mmf that produces the mutual flux <l> and also supplies the core, or 
no-load, losses (see Sec. 155). It can be resolved therefore into two 
components, one /m, in phase with the flux <t>, which supplies the mmf 
that produces </>, and the other, /<., in quadrature with 7n», which sup¬ 
plies the losses, Fig. 221 (p. 260). Since the losses are sihall and the 
primary circuit is a highly inductive one, lo lags the terminal voltage 
Vi by nearly 90°. Also, at all ordinary loads the emf J?i, induced in 
the primary by the mutual flux 0, is nearly equal in magnitude to the 
primary terminal voltage V i, differing only by the small impedance drop 
in the primary. Hence, since Vi is constant, the induced emf Ei 
must be nearly so. It follows then from (100) or (IGOa) that since Ei 
is nearly constant the mutual flux <t> also must be nearly constant at 
all normal loads and therefore the mmf producing it as well as the 



Fig. 214. —Simple tiansformer, load applied to sceondaiy. 


iron losses must be nearly constant. Thus, the exciting current h 
must be nearly constant at all normal loads on the transformer. Also, 
/o is small in magnitude, ordinarily being only 1 to 3 per cent of the 
rated current. 

The primary induced emf Ei is a counter emf that opposes current 
entering the primary and is anaJogoxus to the counter emf of a motor. 
At no load it is identical with the emf of self-induction c', Fig. 28 
(p. 31), which also opposes the current. 

The magnetizing current Tm produces flux <#> in the core, Fig. 212, 
the direction of the flux at the instant under consideration being as 
shown (corkscrew rule). The value of this flux must be such as to 
make the emf induced in the primary practically equal to the primary 
terminal voltage. 

Apply load to the secondary. Fig. 214. Now there will be a second¬ 
ary current 1 2 whose magnitude and phase relation with respect to 
the secondary terminal voltage V 2 will be determined by the character 
of the load. However, at every instant the direction of the secondary 
current must be such as to oppose any change in the flux. This is 
in accord with Lenz^s law that an induced current always has such a 
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direction as to oppose the cause which produces it. In Fig. 214 it is 
assumed that the direction of the flux 0 is clockwise and is increasing. 
If the secondary current 1 2 were producing the flux </>, the current by 
the corkscrew rule would flow in at the upper terminal, Fig. 214. 
Since 1 2 opposes the flux <^, it must actually flow out at the upper 
terminal. The secondary curremt 1 2 then tends to reduce- the value of 
the mutual flux 0 in the transformer core. If the flux is reduced, the 
counter emf of the primary also is reduced. This permits more current 
to flow into the primary, which supplies t>ie increase in power due to a 
load being applied to the secondary and also restores the flux to 
nearly its initial value. This is the sequence of reactions that follow 
the application of load to the secondary, enabling the primary to take 
from the line the increased po^ver demanded by the secondary. 

The change in the counter emf in the primary from no load to full 
load is ordinarily about i or 2 per cent. As the counter emf is pro¬ 
portional to the mutual flux </>, the value of 0, therefore^ changes only 
slightly over the working range of the transformer. If this flux changes 
only slightly, the net ampere-turns acting on the core remain sub¬ 
stantially constarjjt. The increased ampere-turns due to the secondary 
load must be balanced, therefore, by the additional ampere-tums due 
to the increase in primary current. Since the flux remains practically 
constant, it follows that the exciting current must remain substantially 
constant. 

The effect of any increase of primary ampere-turns, when not 
opposed by equal secondary ampere-turns, would be to increase the 
mutual flux. This vould increase the counter emf and tend to cause 
the primary to deliver power to the power source, which is in viola¬ 
tion of the law of the conservation of energy. Any primary ampere- 
turns in excess of the exciting ampere-turns, therefore, must be 
balanced by equal and opposing secondary ampere-tums. 

The exciting current is of small magnitude and generally differs 
considerably in phase from the total primary current, as shown by lo 
in Fig. 210 (p. 252). It is usually neglected, therefore, in comparison 
Avith the total primary current. If it be neglected, the primary and 
secondary amperc’-turns arc equal ami opposite and 

Nih = ATz/s. 

Therefore, 



that is, the primary and secondary currents are inversely as the respective 
turns. 
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The above relation also follows from the law of the conservation 
of energy. If the transformer losses be neglected and unity power 
factor be assumed, 

Fi/i = F2/2, 

I2 Fi iVi 

161. Leakage Reactance. —In the preceding discussion, it has been 
assumed that ail the flux which links the primary also links the second¬ 
ary, In practice, it is impossible to realize this condition. All the 
flux produced by the primary does not link the secondary, but a part 
completes its magnetic circuit by passing through the air rather than 
around through the core, as shown by <t>\, Fig. 215. That is, between 
planes a and 6, Fig. 215, there is a mmf due to the primary ampere- 
turns, plane a being at a higher magnetic potential than plane 6 at 



Fig. 215.—Mutual flux, piimai \ -leakage flux, and soeondar a -le ikage flux in fransfoimer. 

the instant shown. This mini' is jiropoitional to the piimary current 
and tends to send flux from a to h through the air and around through 
the core. That part of the flux which passes from n to b through the 
air follows a magnetic circuit that is acted upon by the primary ampeie- 
tums only. This flux <t>i is called the primary leakage flux. It is 
proportional to the total ampere-turns of the primary alone, as the second¬ 
ary turns do not link the magnetic circuit of </>!, which, therefore, 
induces an emf in the primary but not in the secondary. The flux 4>i 
is in time phase with the total primary current h. The emf e, induced 
by 4>i must lag <t>i and h by 90° (see p. 247). The emf necessary to 
balance this counter emf is opposite and equal to it and, therefore, 
leads the current 7, by 90°. As this emf, induced by the primary 
leakage flux, is proportional to the current and lags it by 90°, it is 
nothing more than a reactance voltage and is denoted by —hXi. 
The component of line voltage that balances this emf is -j-IxXi, Fig. 
216(a). A reactance drop exists in a transformer primary, therefore, 
in precisely the same manner that a reactance drop exists in an altema- 
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tor armature. The effect of the primary leakage flux, therefore, is to 
induce an emf that opposes the current to the transformei. 

The mmf of the secondary coil, Fig. 215, acting alone, is such that 
the top of the coil is at a higher magnetic potential than the bottom 
of the coil. That is, plane c is at a higher magnetic potential than 
plane d] therefore, a flux 02 tends to pass from c to d thro «gh the air, 
as shown. Flux 02 is called the secondary leakage flux. A ^ its path 
is not linked by the primary, the secondary leakage flux is proportional 
to the secondary ampere-turns only, 02 induc^^s an emf in the secondary, 
lagging the secondary current I 2 by 90° [see C 2 , Fig. 216(a)]. This is 
also a reactance voltage, and the component that balances it leads the 
secondary current by 90°. This last voltage is denoted by / 2 X 2 , Fig. 
216(a). The secondary reactance opposes the current fir wing out of the 
secondary, just as the armatuie reactance of an alternator opposes the 
current flowing out of the armature. Both the primary and secondary 
leakage reactances of the transformer haA^^e tlie same effect on the regu¬ 
lation of the transformer as the armatun' leakage reactance of the 
alternator has on the regulation of the alternator. 

In that part of the core whi(*h is surrounded by the secondary 
winding, the mutual flux 0 and the secondary leakage flux 02 are 
shown in opposition. As 0 is produced by the joint ampere-tums of 
primary and secondary and 02 by the ampere-turns of the secondary 
alone, 0 and 02 are almost never in direct opposition but are usually out 
of phase by an angle less than 180°, Fig. 216(a). Two separate fluxes 
in the core actually do not exist at the same instant, but merely the 
resultant flux, found by combining 0 and 02 . The primary leakage 
flux 01 and the secondary leakage flux 02 have the same general direc¬ 
tion in the space between the primary and secondary coils. 

In actual transformers, the primary and secondary windings are 
not placed on separate legs, as in Figs. 212, 214, 215; for as they are 
widely separated, large primary and secondary leakage fluxes would 
result. These large leakage fluxes would cause the transformer regula¬ 
tion to be too poor for commercial use. To reduce the leakage, the 
primary and secondary should be interleaved. Each is usually split, 
therefore, into a number of coils, and alternate primary and secondary 
coils are placed close together, as in Figs. 226 to 228 (pp. 269 and 270). 

Hence, in actual transformers, the leakage-flux paths are so 
simple as those indicated in Fig. 215. Because of the small spaces 
between primary and secondary windings, the paths of the leakage 
fluxes are much more restricted. The entire primary and secondary 
leakage fluxes 0i and 02 , moreover, link, not all the turns of their 
respective windings, but only a portion of them. The equivalent 
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effect of and <f> 2 , however, is readily determined in the ordinary 
transformer by simple measurements, as is described later. 

162. Transformer Vector Diagram.—Figure 216(a) shows the 
relations existing among the currents, voltages, and fluxes in a trans¬ 
former, when the secondary is delivering a current I 2 at terminal 
voltage V 2 and power factor cos $ 2 , A one-to-one ratio of transforma¬ 
tion is assumed, in order that the lengths of all the vectors in the 
diagram shall be of the same order of magnitude. The same diagram 
may be made applicable to any ratio of transformation, merely by 
multiplying the proper vectors by the ratio of transformation. 



{by Encrsry and magrnpti/infir components of no-load or exciting: current; 
Fia, 216.—Vector diagi'ams for transformer. 


The secondary indueod-emf vector E 2 along the X-axis is chosen as 
the reference vector. The secondary current vector 1 2 lags F 2 by 
the angle 62 , the power-factor angle of the secondary load. The 
secondary resistance drop l 2 R 2 y in phase with is added vectorially 
to F 2 . The secondary leakage flux <t >2 is in time phase with 1 2 and 
induces an emf 62 lagging the flux <t >2 by 90®. This emf opposes the 
current to the external circuit and must be counteracted by a com¬ 
ponent of the secondary induced emf, or / 2 X 2 , leading I 2 by 90°. The 
induced emf E 2 of the secondary is determined by adding vectorially 
to F 2 the secondary resistance drop 72 /^ 2 , and the secondary reactance 
drop J 2 X 2 , due to 02, in quadrature with 1 2 and leading. As both 
the primary and secondary induced emfs are induced by the same 
mutual flux 0, Figs. 212 and 214, and as both windings have the same 
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number of turns, since the ratio is one-to-one, the primary and second¬ 
ary induced emfs will be equal in magnitude and will be in phase with 
each other. Therefore, E\ = An emf induced by a flux varying 
sinusoidally with time is a sine wave and lags the flux by 90^ (Sec. 
19, p. 30; also, rigorous proof, p. 247). In Fig. 216(a), therefore, the 
mutual flux <l> leads the induced emfs Ei and Ez by 90®. 

The line must supply a voltage equal to the primary induced emf 
and in opposition thereto, before current can flow into the primary. 
This is analogous to the direct-current motor, where the line must 
supply a voltage equal to the counter emf and in opposition thereto, 
before current can flow into the armature. A voltage or emf —Ei, 
therefore, opposite and equal to Ei, must first be supplied by the line. 
The emf —Ei is the counter emf of the primary, discussed in Sec. 
150. 

If the mutual flux is not to change appreciably, Sec. 160, the 
primary must supply a sufficient number of ampere-turns to balance 
the ampere-turns of the secondary. These primary ampere-turns 
and secondary ampere-turns arc equal and opposite. If there are 
N 2 I 2 ampere-turns in the secondary, therefore, there must be at least 
an equal number of ampere-turns in the primary to balance these. 
These primary ampere-turns (Ai)/5, Fig. 216(a), are 180° out of phase 
with (iV’ 2 )/ 2 . It is not customary to show the ampere-tums on the 
diagram, however, but only the cuirents. Fig. 216. The ampere- 
tums may be obtained by multiplying each current by its proper 
number of turns as indicated by the terms Ni and A 2 , which are 
shown in parentheses. [In Fig. 216(a), Ni = iV 2 .] 

Since Ni and N 2 are numerics, the vectors that represent {Ni)!^ 
and {N^l 2 will be changed only in magnitude but not in phase if 
{N\) and (N^ are omitted. Hence the vectors and {N^I^ to 

scale can represent also the primary and secondary currents. In 
addition to the (Ai)7'i ampere-turns of the primary, there must be 
ampere-turns Nilm to produce the mutual flux <t> (Sec. 150), where Im 
is the magnetizing component of the exciting current Jo. Also, there 
must be an energy component of /o to supply the core losses. This is 
illustrated in Fig. 216(5), which shows Im in phase with the mutual flun 
0 {Ni being omitted) and 7^, the energy component of 7o, which sup¬ 
plies the core losses and is in phase with -~E\, The exciting current 7o, 
the resultant of 7m and ley is in (5) and is also in the vector diagram in 
(a).^ 

1 Owing to the fact that the permeability of the iron of the transformer varies 
widely during each cycle, the magnetizing current 7m is not sinusoidal, Fig. 104 
(p. 118), and strictly cannot be represented by a vector. However, 7m is so small 
compared with the load current that negligible error results if its equivalent sine 
wave or fundamental component is represented by a vector. 
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The total primary current h is the vector sum of lo and Ii. 

The primary leakage flux is in phase with h and induces emf 
Cl = —hXi, The primary terminal voltage Fimay now be found by 
adding to — JE'i, vectorially, liRi in phase with h and hXi leading 
h by 90®. The angle Si between Vi and h is the power-factor angle 
of the transformer. 

By means of the vector diagrams, Figs. 2]C(a) and 217, it becomes 
possible to determine the rcgidaiion of transformers. This is discussed 
in detail in Sec. 157 (p. 2G2). 

In most transformer vector diagrams, it is necessary to exaggerate 
greatly the magnetizing-current and voltage-drop vectors. For 
example, /o ks 1 to 3 per cent of Ix\ I 1 R 2 , 1 per cent of V^] etc. If 
these quantities be drawn in their actual proportions, they will be too 
small to be significant. Hence^ chayiges in —Ei and E 2 with changes in 
load are usually very small. 



Fio. 217.—Transformer diagram with primary voltages rotated to secondary side of 

diagram. 

163. Simplified Diagram.—The diagram of Fig. 216(a) may be 
materially simplified if the exciting current 7o be neglected. As /o 
is usually 1 to 3 per cent of h and the two are considerably out of 
phase, /o may be neglected ordinarily without serious error. Figure 
217 shows the diagram of Fig. 216 with h omitted. The ratio of trans¬ 
formation, however, is no longer one to one. The primary has Ni 
turns, and the secondary N 2 turns. Hence the ratio of transforma¬ 
tion is iV'i/iV' 2 . With usual transformers it is not practicable to use 
the same scale for primary and secondary voltages and currents. 
For example, with only a 20-to-one ratio of transformation, either one 
scale would be so small as to be useless or the other so large as to be 
impracticable. 

In Fig. 217, F 2 , I 2 , B 2 are given, and E 2 is obtained by adding 
vectorially I 2 R 2 and J 2 X 2 to F 2 . Each of the primary voltages, how- 
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ever, is multiplied by the inverse ratio of transformation Ni/Ni, and 
the primary current is multiplied by N 1 /N 2 , the ratio of transfor¬ 
mation. Hence, Ei{Ns/Nt) — Ei, etc., and now both’primary and 
secondary vectors are of the same order of magnitude. Thus the 
diagram for any ratio of transformation can be made substantially 
the same as that for a one-to-one ratio. 

Referring to Fig. 217, - Ei(N 2 /Ni) is 180® from E 2 and is equal in 
magnitude to E 2 ’, /iCiVi/iVs) is 180° from h; IiRi(N 2 /N'i) is 180° from 




Fig. 218.—Eiquivalent diagram of transformer. 

I 2 R 2 ; and hXiiN^/Ni) is 180° from hXn. If, therefore, the entire 
left-hand side of the diagram be rotated through 180° about thq^j^ 
origin, Fig. 217, —EiiN^/Ni) and E 2 coincide and 7i/?i(iV2/iVi) and* 
hXiiN^/Ni) become parallel to I 2 R 2 and I 2 X 2 J respectively. ^ 
The right-hand side of the diagram, Fig. 217, now gives a simple 
method for determining the regulation of the transformer, as will be 
shown in the following sections. 

164. Eqiiivalent Resistance and Reactance. —Figure 218(a) gives 
the right-hand side of the transformer diagram of Fig. 217, E 2 and 
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Ei{N^/Ni) being omitted. The resistance drop IiRi{N 2 /Ni) is parallel 
to I 2 R 2 ] and since h = {Nz/Ni)!^^ this resistance drop is also equal to 
l 2 Ri{N 2 /N\)^, Likewise, the reactance drop JiXi(iV’ 2 /iVi), parallel to 
1 2 X 2 , is equal to l 2 Xi{N 2 /Ni)^, 

The two separate resistance drops may be combined into a single 
resistance drop; the two separate reactance drops likewise may be 
combined into a single reactance drop, Fig. 218(6), without in any 
way affecting the relation of F 2 to Fi(iV 2 /iV'i). 

The equivalent resistance drop, for the transformer as a whole, 
becomes I 2 [R 2 + 72i(iV2/iV’i)^]; the equivalent reactance drop becomes 

l2[X2 + X^{N2/N,YI 

The quantity 

R^ + ni{^ = (163) 

is the equivalent resistance of the transformer referred to the secondary. 
The quantity 

X.+=X 02 (164) 

is the equivalent reactance of the transformer referred to the secondary. 

The secondary voltage vectors on Ihe right-hand side might equally 
well be rotated 180° and then combined with the primary voltage 
vectors on the left-hand side. Since primary and secondary are inter¬ 
changeable, 

R\ + R 2 ~ (lb5) 

Xi + X, = Xoi (166) 

are the equivalent resistance and equivalent reactance referred to the 
primary. 

It follows that 

/?02 _ X{i2 _ ( 

Roi ~ Xoi “ \nJ * 

The equivalent impedance referred to the primary 
Zoi = \/(Roi)^ + (Xoi)‘^. 

The equivalent impedance referred to the secondary 
Z02 = {Ro 2 )^ + 

Also, 

Z 02 \N2/ ' 


(167) 

(168) 
(169) 


(170) 
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That is, the equivalent resistance, reactance, and impedance, 
referred to the primary, are to the equivalent resistance, reactance and 
impedance, referred to the secondary, as the ratio of primary to 
secondary turns squared. 

Consider the copper loss in a transformer 

Pc = I\Pi + IlPi watts. 

Since 1 2 = /iWi/iV,), and U = l 2 {NJNx) 


Pc = n 




+ Rt 

-‘Yl 

/ A 

i-/ j 

R^ + Rx 

")] 


- /?/?oi 
= IIR 02 watts. 


(171) 

(172) 


That is, the total copper loss in a transformer is equal to the pri¬ 
mary current squared, multiplied by the equivalent resistance of the 
transformer referred to the primary; likewise, the total copper loss in a 
transformer is equal to the secondary current squared, multiplied by 
the equivalent resistance of the transformer referred to the secondary. 

It is thus seen that the ecpiivalent resistance of a transformer, 
when used in conjunction ^^ith the current in the side to which this 
resistance is referred, may be used to determine the equivalent resist¬ 
ance drop in both pnmary and secondary combined; the equivalent 
resistance may be used to detf^rmine the total copper loss in the trans¬ 
former. The equivalent reactance may be used in a similar way to 
determine the equivalent reactance drop in the transformer. 

It is interesting to note that, if the copper losses of primary and 
secondary are ecpial, 

IIP, = IIR2, 



or the primary and secondary resistances are proportional to the 
squares of their numbers of turns. (173) also holds when the mean 
lengths of primary and secondary turns are e(iual, the primary and 
secondary current densities in the copper also being equal. 

Example, —A 50-k\a 4,400- to 220-voIt transformer has a primary n^sisfance 
and reactance of 3 4.5 and .5 40 ohms, respectively. The secondary rcsistanot and 
reactance are 0.0085 and 0.014 ohm, respectively. Determine (a) equivalent 
resistance referred to primary; (6) equivalent resistance referred to secondary; 
(c) equivalent reactance reterred to both primary and secondary; (d) equivalent 
impedance referred to both primary and secondary; (e) total copper loss, using 
individual resistances of two windings and using equivalent resistance referred 
to each side. 
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Primary current h ~ = 11.36 amp. 


Ratio of transformation 


227 amp. 


Secondary current ^ ~ 227 amp. 

T. - .. iVi 4,400 20 

Ratio of transformation = r— 

Ni 220 1 

(a) /2oi = 3.45 -f 0.0085 = 3.45 -h 3.40 - 6.85 ohms. Ans. 

(b) Ro 2 - 0.0085 + 3.45 = 0.00850 + 0.00863 - 0.0171 ohm. Ans. 

Also, 

r, /IV 6.85 . _ 




= 0.0171 ohm {check). 


(c) Xoi = 5.40 + (29i)’0.014 = 5.40 + 5.60 = 11.00 ohms. Ans. 

X .1 = 0.014 + (}io)*5.40 => 0.014 + 0.0135 = 0 0275 ohm. Ans. 

Also, 

“ 0-0275 ohm {(hnk). 

{d) Zn = V(6.85)2 (n.oT* = 12.96 ohms. Ans. 

Zo 2 = V"(0.0171)2' +'(0T0275y2 = 0.0324 ohm. Arts. 


( 1 \ 2 12 06 

20) ^ "4^ 0.0324 ohm (chf<k). 

Pc = (11.36)23.45 4- (227)20.0085 = 883 watts. Ans. 
Pc = PiRni ~ (11.36)26.85 = 883 watts. Ans. 

Pc = IIRo 2 = (227)20.0171 - 883 watts. Ans. 


The equivalent resistance, reactance, and impedance referred to 
either side may be used in determining the transformer (*haracteristics, 
such as regulation, efficiency, etc. (see Secs. 156 and 157). 

166. Open-circuit Test.—Figure 219 shows a transformer having 
the low side connected to an alternating sourct' of supply and the high 
side open-circuited. Either an autotransformer or a voltage divider 
is a means of varying the voltage supplied to the low side of the trans¬ 
former, Fig. 219. A voltmeter, an ammeter, and a wattmeter are 
connected in the primary circuit. The voltmeter gives the voltage 
across the primary terminals, the ammeter gives the no-load current, 
and the wattmeter reads the power taken by the transformer under 
these conditions. As connected, however, the ammeter measures 
also the current to the wattmeter potential circuit and to the volt¬ 
meter. Since the core loss ordinarily is small, this error cannot be 
neglected as a rule. Either these two potential circuits should be 
opened when the ammeter is read, or correction should be made. 
Likewise, the wattmeter as connected measures the power loss in its 
own current coil and the power to the voltmeter, and correction is 
usually necessary (see p. 98). The power (corrected) goes to supply 
the primary PRAoss and the core loss of the transformer. As the 
exciting current is very small, the primary PRAoss due to it may be 
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neglected. The wattmeter, therefore, when corrected for instrument 
losses, measures the transformer core, or excitation, loss. If the 
primary voltage be varied and the core loss be determined for different 
values of voltage, a curve is obtained showing the relation of core loss 
to voltage. At no-load, the flux is practically proportional to the 
terminal voltage, as the primary impedance drop due to the no-load 



Fi«. 219.—Connertioiis for opeiwircuit test. 


current is negligible' [see I'Jq. (160), p. 240], The eddy-current loss 
varies as the square of the flux and hence of the voltage and the 
hysteresis loss as the 1,6 power of the flux and hence of the voltage. 
The core loss will increase, therefore, nearly as the square of the volt¬ 
age, as shown in Fig. 220(a). 

Transformers are designed usually so that the most economical 
use of materials is obtainc'd. The core is operated, therefore, at a flux 



Fig. 220.—(a) Relation of (?ore loss to voltage in transformer; (6) relation of magnetizing 
current to voltage in transformer. 

density as high as the allowable core loss will permit. A study of 
Fig. 220(a) shows that a slight increase of voltage, above rated voltAge, 
produces a large percentage increase in core loss. As most commercial 
transformers are rated by their maximum safe operating temperatures, 
this increased core loss may cause overheating of the transformer. 
The effect, therefore, of operating such transformers at overvoltage 
is to produce a marked increase in temperature. 
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If the magnetizing current be plotted as abscissas and the voltage 
as ordinates, a saturation curve similar to that of Fig. 220(b) is obtained. 
The point marked rated voltage’^ is the point on the saturation curve 
at which transformers are generally operated and is well beyond the 
knee of the curve. Outside the question of increased core loss, the 
usual transformer cannot be operated at a voltage very much in excess 
of its rated voltage, for the magnetizing current increases very rapidly 
with small increase in voltage, Fig. 220(b). 

The flux density in the core is determined primarily by the per¬ 
missible core loss. Open-hearth annealed sheet steel, such as is used 
in dynamos, can be used for transformer cores. 
For a given flux density and frequency, however, 
silicon steel has much less core loss per unit 
volume than open-hearth steel, the effect of the 
silicon being to increase the electrical resistance 
and, hence, to reduce the eddy-current loss. 
Because of its small core loss, silicon steel may 
be operated safely at high flux densities. The 
greater cost of silicon steel is more than offset by 
the saving in iron and copper and in the general 
reduction of the transformer dimensions. 

To obtain the value of the magnetizing current, the exciting current 
loy measured by the ammeter. Fig. 219, should be resolved into two 
components, one of which is in phase with the voltage —Ei or V and 
is shown as in Fig. 221 ( — Ei and V are practically equal at no-load). 
This current le — lo cos 6 is the energy component of the exciting cur¬ 
rent and supplies the core losses. The quadrature component 

Im = /o sin d 

is the true magnetizing current, shown plotted in Fig. 220(?>). In 
most commercial ti’ansformers, /o = /m very nearly [also see Fig. 
216(6)]. 

166. Short-circuit, or Impedance, Test. —Figure 222 showN the 
transformer of Fig. 219 reversed and the low side short-circuited. The 
reversal is made in order that the line current may not be excessive and 
also in order that a reasonable voltage drop may be obtained. In a 
transformer, the impedan(‘e drop seldom exceeds 5 per cent of the rated 
voltage. If the 2,200-volt side of a transformer. Fig. 222, be used as 
the primary, the voltage necessary to send rated current through the 
win^ngs on short circuit is about 5 per cent of 2,200, or 110 volts, 
which is a standard voltage for instrument coils. If the secondary of 


le 



>10. 221 —Magnet¬ 
izing and (oio-loiss (ui- 
rents in tiaiibfoimer. 
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the transformer were rated at 220 volts, its voltage at short circuit 
would be only 11 volts and also the current would be high. At this 
low voltage, high precision would not be readily obtainable with 
ordinary instruments. 

When the primary current is /i amp, Fig. 222, the secondary 
current /2 is equal to Ii(Ni/N 2 ) amp. An ammeter to measure 1 2 
is therefore not necessary. In fact, such an ammeter, particularly if 

used in connection with a cur- _ 

rent transformer, may introduce _ 

more error than it is intended to i 

correct. The power to the trans¬ 
former, Fig. 222, goes to supply 
three losses: the primary copper 
loss, IlRi; the secondary copper 

loss, IIR 2 ] and the core loss at _ 

short circuit. As in the open- 
circuit test, instrument losses 
usually arc not negligible, and 
correction should be made if necessary. The core loss is negligible, 
as 5 per cent primary voltage means only about 2.5 per cent of the 
rated value of flux, since approximately half the impressed voltage on 
short circuit is consumed in the primary impedance drop. The core 
loss at 2 or 3 per cent of the rated flux is so small as to be negligible, 
for the core loss varies nearly as the square of the flux. Fig. 220(a). 
The power at shoit circuit, therefore, is 


rtmj 


0 

0 


11 

0 

0 

1 

0 


R 

]| 

0 

0 

0 


ii 

J 

U 


Ficr. 222- 


Higji Low 

-Connections for short-circuit 
test of transformer. 


P. = llRi + nR2 = PiRoi = IIR 02 , 


where /?oi and A’oo are the transformer equivalent effective resistances 
lefcuTed to the primary and secondary, respectively (Sec. 154). 


^01 

Ro2 


1\ 

li 

Pz 

n 


(174) 

(175) 


The values of equivalent effective resistances found in this manner 
may be checked with the values determined by measuring the resist¬ 
ance of each winding with direct current and applying (163) or (165) 
(p. 25()). The ratio of equivalent effective to equivalent ohmic 
resistance so determined varies from a few per cent greater than unity 
in smaller transfprmers to as high as 20 to 25 per cent in transformers 
having conductors of large cross section. 
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Figure 223 shows the equivalent-circuit vector diagram for the 
short-circuit test. This diagram is that of Fig. 218 except that now 
V 2 equals zero and all quantities are referred to the primary side. It 
will be recognized, in Fig. 223, that the entire voltage Ez is consumed 
in the impedance drops of the two windings. That is, 


Ez = IiZqi 


Hence, 


- +■«. + /i [jf. + A'. 


== h + Xq 



Zoi 



(]7()) 


where Zoi is the equivalent impedance of the transformer referred to 

the primary side. Also, from 
Eq. (170) (p. 256), 

Zo2 = Zo^(^y■ (177) 

The equivalent resistance 
[(174) and (175)] and the equiv¬ 
alent impedance [(176) and 
(177)] being known, the equiva¬ 
lent reactance is readily found. 

Zo = (178) 

for either primary or secondary side. 

In making the short-circuit and the open-circuit tests, the question 
of instrument losses should })e investigated and correction made if 
this be found necessary. As the losses in a transformer are very small, 
the power taken by the instruments may l)e a considerable percentage 
of the power being measured. 

167. Regulation.— ^Thc regulation of a constani-poteutial fransformer 
is the change in secondary voltage^ expressed in per cent of rated secondary 
voltage^ which occurs when rated kva output at a specified power factor is 
reduced to zero, with the primary impressed voltage maintained constant. 

Thus, if the no-load secondary terminal voltage is Fg volts, the 
regulation is 

—— 100 per cent. (179) 





Fig. 223.—Vector diaKram for short- 
circuited transformer. 


1 American Standards for Transformers, Reguli^tors, and Reactors, ASA 
C57.1, 67.2, 57.3 of 1942, Standard 1,065. This corresponds to'Standard 15.20.235 
of the American Standard Definitions of Electrical Terms C42 (1941). 
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In a one-to-one transformer the regulation becomes, 

-yr —- 100 per cent. (180) 

practically. 

Knowing the equivalent resistance and the equivalent r< actance of 
the transformer, it is possible to determine the regulation. eferring 
to Fig. 218(6) (p. 255), the no-load secondary voltage is YiiN^/N^, 
since at no-load the impedance drop in the transformer is negligible. 
Hence, with lagging current, 


V\ “ \/(V 2 cos 62 + i 2 /fo 2 )'“ + {V 2 sin $2 + 12 X^ 2 )^, 

Regulation — ^ 100 per cent. 

y 2 

Also, 

Vi ” ^ 2 "h I >{cos $2 + j sin ^i)(/^o2 +yA^02), 


(181) 

(182) 

(183) 


the + sign being used for leading eurrent. Also, in (181), with leading current, 
-h/ 2 .V ()2 becomes —/ 2 A'o 2 . (181) and (183) should be compared with (147) and 

(148) (pp. 201 and 202); also, see Kqs. (149) (150) (p. 203). 


(181) to (183) are applicable to the primary side if the subscripts 
are changed. The regulation is the same in either case. 

The vector diagram. Fig. 218(6), shows that after the correction 
for ratio is made the transformer is a low impedance in series with its 
load. This is illustrated in Fig. 

224, in which the secondary quan- -1-n--v 

tities are expressed in terms of the §-Roi I Transformer 

primary (see example. Sec. 158, p. b-X^oiJ 

204). 1~ 

168. Efficiency. —The ordinary Vt § 

transformer has a very high effi- ^ Ni i 'p.f^=*cos^ 

ciency (see table, p. 268). Hence, ^ iSTg | 

the efficiency cannot be determined T 

with high precision by direct -i-i-1 

measurement of output and input, tomer! 

since the losses are of the order of 

only 1 to 3 per cent. The difference between the readings of the out¬ 
put and input instruments is then so small that an instrument error 
as low as 0.5 per cent would cause an error of the order of 15 per cent 
in the losses. It is easier, therefore, and more precise to determine 
the efficiency from the losses. 

It has been pointed out that With constant voltage the mutual 


Load 

P.F.s= cos 6 


Equivalent circuit of trans¬ 
former. 
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flux of the transformer is practically constant from no-load to full 
load. It usually does not vary more than from 1 to 3 per cent. The 
core loss, therefore, is practically constant at all loads and may be 
determined by the open-circuit test. Fig. 219. For most purposes, 
it is necessary merely to measure the loss at the rated voltage of the 
transformer. 

The only other losses are the primary and secondary copper losses. 
These can be calculated readily, knowing the resistances of primaiy 
and secondary, or they may be computed from the equivalent resist¬ 
ance determined at short circuit. The efficiency of the transformer 
then may be computed, since the losses are known. That is, the 
efficiency 


__^2/2(P.FJ__ 

^ 1 2 l 2 (P-F.) + core loss + l\Ri + I\R 2 

F272(P.F.) 


y 2 / 2 (P.F.) + core loss + 


(184) 

(185) 


Example .—A 20-kvii 2,200- to 220-volt 60-cycle distributing transformer is 
tested for efficiency and regulation as follows: A wattmeter, an ammeter, and a 
voltmoter arc used to measure the input to the low side, the high side being open- 
circuited, Fig. 219 (p. 259). The corrected instrument readings are H8 watts; 
4.2 amp; 220 volts. The transformer is then reversed, the low side being short- 
circuited and 86.0 volts applied to the high side. Tnstrurnents having the proper 
ranges are connected in circuit. Fig. 222 (p. 261). The corrected instrument 
readings are now 360 watts; 10.5 amp; 86.0 volts. 

Determine (a) transformer core loss; (h) equivalent resistance referred to high 
side; (c) equivalent resistance referred to low side; (d) equivalent reactance referred 
to high side; (e) equivalent reactance referred to low side; (J) regulation of trans¬ 
former at 0.8 power factor, lagging current; (g) efficiency of transformer at full 
load and half load, at 0.8 power factor, lagging current. 

(a) Core loss is given directly by the corrected wattmeter reading and is 
148 watts. Ans. 


(h) Roi = = 3.26 ohms. Ans. 

(c) - 3.26 = 0.0326 ohm. Am. 

(d) Zoi ^ 8.19 ohms. 

lU.o 

A'oi - \/(8.l9)* - (3.26)2 = -v/56l5 = 7.51 ohms. Am. 

(e) Xc, = 7.61 ( 2 ^ 1 ^)' = 00751 ohm. Am. 

(/) High-side quantities will first be used. 

20 000 

The rated high-side current is ^ onn —9.10 amp. 

Vi = V(2,200 • 0.8 + 9.10 • 3.26)» + (2,200 ■ 0.6 + 9.1 • 7.51)» 

- V'5,131,000 = 2,265 volts (s«H! (181)]. 

9 OAK _ 9 OAA 

~ * ^^-^296, or 2.95% [Eq. (179)]. An«. 


Regulation 
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The same result is obtained using the low-side constants. 

V, = V(220 • 0.8 + 91.0 ■ 0.0326)* + (220 • 0.6 + 91-0 • 0.0761)» 

- V&T^l = 226.5 volts. 

Regulation = 160 = 0.029.5, or 2.95%. .In*. 

Also, using (183), 

fi (^) = 220 + 91.0(0.8 -iO.6) (0 0326 +i0.0751) 

=» 220 + 6.50 +i72.5 = 226 5 +^7.25. 

1fi (j^)| = \/(226.5)« + (7.25)2 = 226.5 volts (check). 

yg) I^'ull-load efficiency (using high-side constants) 


»7 


V 


20,000 0 80 

16,000 

20,000 0.80 -f 148 + (9.10)2.3.26 

16,420 ■ 

10,000-0 80 

8,000 

10,(H)0 0 80 + 148 + (4 55)*-3 26 

- 8,216 “ 


= 0.974, or 97.4%. 

0.973, or 97.3%. 


Ans. 


Ans. 


''Die same values of efficiency are obtained if the low-side current and resistance 
aie us(‘d. 



Fig. 225.—Characteristics of 100-kva 60-cycle transformer. 


Fi^re 225 shows the voltage characteristic and the efficiency, 
plotted against load, of a 100-kva 60-cycle 2,200/122- to 144-volt 
transformer. It will be noted that the efficiency is high and is practi¬ 
cally constant from one-eighth load to 25 per cent overload. 
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Regulations and efficiencies for typical transformers are given on 

p. 268. 

169. Unit Values. —Regulation computations are frequently simpli¬ 
fied if unit values are used. The resistance and reactance drops are 
then expressed as a proportion of rated voltage and are called resistance 
factor and reactance factor.^ For example, the resistance factor 


the reactance factor x = 72 X 02 /F 2 ; the power factor cos 62 = v> 

sin ^2 = O' = Vl *“ 

Factoring the right-hand side of Eq. (181) with Fo, 




Regulation = 


Vi \/(p + r)^ + (q + j)- 
Vi Wp + r)- + (q + x)- - Vi 
V2 


= V(p + »■)■ + (? ± ■>')' — I 

the minus sign being used for leading current. 

In ASA C57^ this is given as 

Regulation = -\/(r + p)^ + {x ± q)- — 


(186) 


(187) 


When the power factor changes from lag to lead, 62 changes sign. 
Since the second i)arenihetical term is scpiared, it is immaterial which 
term is negative. 


Examph. —Dotc'rniinc (/) in the example, Sec 158. 


U1 0 • 0 0320 
220 

91.0 0 0751 
220 


0.0135. 

0.0310. 


Regulation = V(0.0135~-h 0 ^ 2 “ 0310 1 

= \/(0r8135)2 + (0,6310)2'- 1 
= \/1.066 - 1 - 0.0295 {check). 


160. All-day Efficiency. —Transformers frequently must be con¬ 
nected to give service 24 hr a day, although the load may be light for a 
considerable portion of the time. This is particularly true of lighting 
transformers, w^hich must be ready always to give service but which 
are lightly loaded except during the house-lighting period. The 


^ See ASA C57, p. 69 (footnote, p. 262). 
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performance of a transformer under these conditions must be judged 
by its all-day efficiency. This is equal to the ratio of the energy output 
over 24 hr to the energy input over the same period. 

Example ,—Determine the all-day efficiency of the transformer (p. 264) with 
the following unity-power-factor loads: five-fourths load, 2 hr; full load, 6 hr; 
half load, 5 hr; one-eighth load, 7 hr; no-load, 4 hr. 

Energy output 


Wi = 25,000 • 2 + 20,000 • 6 + 10,000 • 5 + 2,500 • 7 
— 237,500 watt-hr. 


hinergy input 


1^2 = 237,500 + KH ■ 9.10)2.3.2fi . 2] + (9.10’ • 3.26 • 6) + [(‘^)* • 3.26 • s] 

+ ■ 3.26 • 7 ] + (148 ■ 24) 


= 237,500 + 844 + 1,620 + 338 + 30 + 3,550 
= 237,500 + 6,380 = 244,000 watt-hr, nearly. 
237,500 ^ 07.4. 

’ = 244,000 “ 


At rated load and unity power factor the efficiency is 0.979. Note that at rated 
kilowatt load the core loss is 148 watts and the copper loss is 270 watts. Since the 
core loss exists 24 hr a day irrespective of load, it is desirable for most services that 
the core loss be substantially less than the copper loss in order to obtain high all-day 
efficiency. In the foregoing example even with small core loss, the copper loss is 
only 55 per cent of the 24-hr loss. 

161. Commercial Transformers. —Constant-potential transformers 
arc classified, for convenience, as power transformers and distribution 
transformers, l^ower transformers are used on primary transmission 
lines for the transformation and distribution of relatively large amounts 
of power. Distribution transformers are used for distributing the 
power from transmission lines and networks for local consumption. 
In the table on page 208 are the efficiencies and other operating data for 
typical power and distribution transformers. 

% 

TYPES OF TRANSFORMERS 

162. Core- and Shell-type Transformers. —Transformers are 
divided into two general types, the core type and the shell type. 
These two types differ in the arrangement of the iron and copper with 
respect to each other. 

In the core type, the winding or the copper nearly surrounds the 
iron core. Figures 212, 214, 215 (pp. 245, 248, 250) are diagrammatic 
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Single-phase 55 Self-cooled Oii.-immersed Transformer 
Manufactured by Westinghouse Electric Corporation 



Iron 

Total 

Kva 

loss. 

loss. 


watts 

watts 


% efficiency 


Half 

load 


Three- 

quarter 

load 


% regulation 


Total 


Full P.F. 

load 1.0 


P.F. 

0.8 


weight, 

lb 


2,400-volt primary: 60 cycles, 480/240-volt secondary 


5 

40 

136 

97.3 

97.4 

97.2 

2.0 

2.4 

175 

15 

83 

320 

98.1 

98.1 

97.9 

1.7 

2.2 

282 

50 

186 

810 

98.6 

98.5 

98.4 

1.4 

2.3 

811 

200 

760 

2,865 

98.7 

98.7 

98.6 

1.2 

3.3 

2,685 

500 

1,590 

6,240 

98.9 

98.8 

98.7 

1.0 

3.6 

4,960 


13,200-volt primary: 60 cycles, 2,400-volt se(*ondarv 


1,000 

2,730 

10,350 
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merely, representing core-type transformers. Figure 22G(a) shows 
the general arrangement of the coi-e-type transformer. The core is in 
the form of a hollow square made up of sheet-steel laminations about 
14 mils thick. The core may be built up with rectangular lamina¬ 
tions the joints of which butt in the individual layers. The joints lap 
in alter*nate layers, however, Pig. 22G(6), which shows the arrangement 
of joints in two adjacent layers. When a large number of transformers 
of a single type arc being manufactured, the laminations are often 
made of L-shaped punchings, Pig. 22G(c), stacked so that the joints 
alternate, (also see Fig. 229). 

If a transformer were made with the primary and secondary coils 
on separate legs, as indicated in Pigs. 212, 214, 215, an unsatisfactory 
transformer would result, as the large leakage flux for both primary and 
secondary would give very poor regulation. By having both a pri- 
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mary and a secondary on each leg, as shown in Figs. 226(a) and 228(a), 
the leakage flux is reduced to a small value. If the high-voltage wind¬ 
ing were placed next the core, it would be necessary to insulate it 
from both the core and the low-voltage winding and two layers of 



(cr) Arranjrement of coils and cores 



(6) Arrangrcment of joints in adjacent (c) Ck)re made of L-shaped 

lamination layers punchiniTS 

Fia. 22G.— Core-type transformer. 


high-voltage insulation would be necessary. By placing the high- 
voltage winding outside and around the loAV-voltage winding, only 
one layer of high-voltage insulation, that between the high- and low- 
voltage windings, is necessary. 

In the shell type of transformer, the iron nearly surrounds the 
copper. Fig. 227. The core has the form of a figure 8. The entire flux 
passes through the central part of 
the core, but outside of this central 
core it divides, half going in each 
direction. Fig. 227. The coils are 
made in the shape of pancakes and 
are usually wound with strip copper. 

These coils are taped, and the pri¬ 
mary and secondary usually are 
stacked so that each primary is 
adjacent to a secondary. In this manner the leakage flux of both 
primary and secondary is reduced to a very small value. The second¬ 
aries, or low-side coils, are placed adjacent to the iron in order to 
minimize the amount of high-voltage insulation required. 



I'lG. 227.- 


Insulation 

Coils and core, shell-typo 
transformer. 
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To compare the two types of transformer in general, the core type 
has a longer mean length of core and a shorter mean length of turn. 
The core type has a lesser cross section of iron and therefore a greater 
number of turns. The core type is better adapted for high voltage 
since there is more space for insulation. In the shell type the coils are 
better braced mechanically so that they are less easily displaced by the 
high electromechanical forces that freciuently develop during short 
circuits. 



(a) Coic tM)C {h) Shell t\i)e 

1 iG. 228.—Coio and windingb of distiibutiou tiaribfoimeis (Wagner Elcctiic Carp) 

In Fig. 228(a) are shown the assembled core and winding of a 
core-type distributism transfoimer and in Fig. 22S(b) are shown the 
assembled core and windings of a shell-type distribution transformer. 
The method of clamping the laminations and bringing out the leads 
should be noted. In (a) the vertical insulated handle is a rotary tap 
changer by means of which the ratio may be changed without draining 
the oil. A position finder permits the desired ratio to be selected. 

163. Wound-core Transformer. —In the construction of a trans¬ 
former it is necessary that the coils and the core link each other. In 
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the past the almost universal method has been to assemble the flat 
laminations by hand through and around preformed coils (See. 162). 
This method has the disadvantage of the considerable cost of punching 
the laminations, including the necessary wastage and the time and 
labor involved in the assembly. Other disadvantages are the magnetic 
reluctance at the joints and the difficulty of making a mechanically 
rigid core construction. 

The improved methods of producing silicon steel have so decreased 
the losses and increased the permeability in the direction of grain 
orientation that there have developed methods of assembling the cores 
with the coils so as to avoid flux transverse to the grain. For example, 
in the pack-rolling process of manufacture, silicon-steel sheets, about 
120 by 30 in., are stacked and rolled hot. This process develops an 
orientation of the grain in the direction of rolling that makes the losses 
10 to 15 per cent greater when the flux is transverse to the direction of 



Fig. 229.—Flux and grain direction in high-reduction cold-rolled wilicon steel. 


the grain than when it is in that direction. However, when the flux 
makes an angle of 45° with the direction of grain orientation, the losses 
are increased but little. Hence the L-stampings, Figs. 226(c) and 229, 
are cut at 45°. In order to avoid waste at the end of the sheet, a 
process was developed Avhereby the sheets were welded end to end. 
However, in Ij-stampings cut at 45® the flux at the corners crosses the 
grain at right angles, introducing the extra ’oss. 

The foiegoing rolling process was followed by the cold-rolled high- 
reduction process whereby the steel could be produced in continuous 
sheets, 100 ft or more in length. However, although this process 
improved markedly the magnetic characteristics in the direction of 
rolling or of the orientation of the grain, the losses transverse to this 
direction, or even at 45° were now increased by 40 to 60 per cent, Fig. 
229. This made it uneconomical to use such steel for either straight 
or L-stampings. 

Hence, in order to utilize the excellent magnetic characteristics of 
this new type of steel, it became necessary to develop cores in which 
the direction of flux was always in the direction of the grain. The 
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only types of core that meet this condition are either the wound-strip 
core or the bent-iron core. Many attempts had been made to utilize 
the wound-strip core, but it had been found impracticable to assemble 
the coils with the cores on a production basis. To be sure, such wound 
cores had been used in transformers where the turns were few and 
winding could be done by hand, such, for example, as the bar-type 
current transformers (p. 301) and also the bushing type. 

Recently the General Electric Company, the lane Material Com¬ 
pany, and the Westinghouse Electric Corporation have each developed 
a practicable method of manufacturing transformers using wound- 
strip cores. 

164. Spirakore Transformer. —In the General Electric Spirakore 
transformer the coils and core arc assembled by coiling the steel strip 
or ribbon rapidly about preformed transformer coils. In this method. 



Flo. 230.—Winding core about coil in spirakore transformer. {General Electric Co.) 


the high-reduction cold-rolled steel, which is received in rolled sheets, 
is unrolled and at the same time is slit ted to the recpiired width and 
is then wound rapidly in a tight spiral on a metal mandrel the cross 
section of which is identical in size and shape with the coil section 
about which it is to be ultimately assembled. The winding process 
distorts or so strains the steel that its magnetic properties are seriously 
impaired. However, the strains are relieved and the good magnetic 
properties are restored by annealing at high temperature, and in the 
annealing process at the same time the steel becomes *‘set^^ to the 
coiled form or shape to which it is wound. 

The annealed coiled steel strip must now be wound about the pre¬ 
formed coil assembly without subjecting the steel to sufficient mechanical 
strain to impair its magnetic properties again. In its final disposi¬ 
tion, the turns must have the same relation to one another as when the 
coil was removed from the annealing furnace, that is, the inside turn 
must still be inside and the outside turn outside. Also, the dimensions 
of the coil must not change. The method of doing this is shown in 
Fig. 230. In (a) the wound core C, which has been taken from the 
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annealing furnace and the mandrel removed, is placed over a roller E, 
and the end of the strip is carried in a clockwise direction through the 
coil window A and brought around to form a rather large loop F, the 
end of the strip being tack-welded to the next underlying turn at G, 
The core and large loop are then rotated rapidly by means of the 
rollers E and H. When this process is completed, the core is left in 
the form of a large, loose coil linking the preformed winding coils, as 
shown in {h). Two ioilers K then press in against the outer turn, 
then rotate rapidly and tighten the loose spiral into a compact core C, 



Fia 231 —Asseniblod core and coils foi sinKlo-iihase Spnakoie distribution transformer, 
3 kva, 0,900/115/230 volts, 00 cydt^s {(Jcntral Electric f’o ) 

shown in (c), fitting tightly around the coil section at B. The spiral 
is prevented from unrolling by spot-welding the end to the adjacent 
turn. By reason of the set imparted by the heat-treatment, the core 
tends to assume the same shape that it had when annealed. The 
foregoing process is repeated in winding the second spiral-wound cor# 
about the other side of the coil assembly through the other half of the 
window A . In Fig 231 are shown a completed coil and core asseinbly. 
The advantages of this construction are that the direction of the flux 
is always in the direction of the orientation of the grain so that the iron 
losses are a minimum, there is no wastage, practically there are no 
joints in the path of the flux, the core is rigid, there are no strains 
produced in the iron as in the clamping of punchings, and the assembly 
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requires only a fraction of the time required to stack punchings by 
hand. This type of core is used for distribution transformers of 5 
kva and under. 

Spirakore for Rectangular Coils .—In the larger transformers, better 
characteristics and performances are obtained when the coils are 
rectangular in cross section and the ratio of length to width is large. 
This necessitates that the opening, or “window,’’ in the core also must 

be rectangular. This makes the foregoing 
I ^ iJ method of core and coil assembly impractic- 

a})le. However, a second method involving, 
I part, the foregoing method has been de- 

^ f I veloped, whereby large rectangular woiind- 

■ I cores may be assembled with preformed 

‘ I coils without straining the iron so as to impair 

Hffljjft its magnetic properties. 

^ B I ■ H B with the round spiral core, the steel 

; sheet as received is slitted to the desired width 

A i^nd is then wound on an iron mandrel having 

K ^ section that is the same as the section of the 

1 ^ coil assembly about which the core is to be 

assembled. As before, the core is then an- 
r ^ ; nealcd to remove the strains and to “se't’^ the 

f ^ ^ core. After anneiJing, however, the core is 

y unwound and simultaneously cut in two-turn 

lengths, no care being taken as to exactly 
Avhere the cuts are made. When being cut 

coio^Tna^c^oar^rTiIit'^ tlie two-tum lengths arc “nested” in the 
phahc, difetiibutcd-coie order in which they are cut. They are then 

Spiiakoio tian^fornic‘ 1 ,500 i i i i i. j. xi. r i •! 

kva, 2,400/4160 Y to assembled by hand about the prelormed coil 

240^80 volts, 00 cycles, assembly, the innermost two-turn hmgth first 

ro t>eing “snapped” about the coil assembly and 

the others in ordei. These two-turn lengths 
spring readily back into their original form without being subjected to 
undue bending strains. A butt joint occuis in alternate layers, but, 
owing to the manner of cutting, the butt joints are more or less stag¬ 
gered throughout the core and have negligible effect on the permeance. 
This type of core has most of the advantages of the round core, that is, 
the direction of the flux is the same as the direction of the orientation 
of the grain, the permeance is high, the core is rigid, and clamping 
strains are negligible. 

In Fig. 232 are shown the assembled core and coils of a 500-kva 
Spirakore transformer with coils of rectangular cross section. The 
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magnetic circuit of the transformer consists of a central core and four 
outer legs 90® apart. This is a distributed-core type of transformer. 
Several different core sections are used so that when the four cores are 
combined at the center the central core will nearly fill the circular 
window of the winding. The cores of the transformer of Fig. 232 are 
wound with two different widths of strip, Q and P, Fig. 233, giving 
cross sections that are readily combined in the central core. 


P 


Fio. 233.—Coic soctioiis, Spiiakoie ti aiisfoinier with distiibuted core. {General 

Elalric Co ) 

166. Hipersil Cores.—Hipcrsil (/i/jy/npcrmeability silivon steel) is a 
grain-oriented low-loss steel developed by the Westinghouse Electric 
Corporation. Unlike the Spirakore and Line Material core the wound 
core is cut transversely and opened in order to assemble it with the 
windings, which have been made into preformed coils. The material 
is prepan^d by (1) winding the steel strip continuously on a mandrel 
having the dimensions of the coil leg; (2) annealing the core at high 
temperature to remove the winding strains and make the form per¬ 
manent; (3) while at high temperature, vacuum impregnating with a 
molten glass, which w^hen cooled leaves a microscopically thin ^lass 
layer between laminations, which insulates them and because it is so 
hard and adhesive makes the core a solid unit that can be cut and 
machined; (4) cutting the core into tAvo parts and machining the ends 
to make closely coinciding surfaces when reassembled. The two parts 
of the core are then assembled with the preformed coils, after which 
they are clamped and held tightly together with metal bands. 

Figure 234 illustrates the Hipersil assembly. 
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alternating currents 


166. other Wound- and Bent-iron Transformers. Line Material 
Round-wound Transformer .—In this type of transformer, strip steel 



Fic,. 2.U—Coil and ooie assern>)l\ of Hipoisil distiibution tiansfoiinci with one so( tion 
of coie leinoved {Westinghouse Electric Corp ) 



Fig. 235(a).— Method of winding transfoimei. {Line Material Co ) 

is wound about a mandrel into a closed core, and the core is then 
annealed to remove the mechanical strains. Aside from removing the 
mandrel, the core is not disturbed after annealing. In order to pro- 
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duce a core cross section that approaches a circle, Fig. 235(6), three 
different widths of strip, joined end to end during winding, arc used. 
Coil-form flanges, Fig. 235(fl), are installed on one core leg, and the 
core is then clamped in the winding machine. The form flanges are 



Fic}. 2^5(h) ■ —rJound-wotind ti.insfofn»tr {Line Matmal Co) 

centered between idle roller-^' and a drive lollei, and the coie is adjusted 
to peimit free lotation of llie foim flanges around the coie leg. Iribu- 
lating paper is wound on the foim flanges, making a paper-tube wind¬ 
ing form, which becomes a peimanent part of the coil. The winding 
is then accomplished by the rotation of the form flanges driven by the 



(a) Coie open for winding {h) Coie closed aiound coil ^ 

1IG 236—Kuhlman bent-iion core and coil. 

gears, and after completion of the winding the flanges are removed. 
The process is repeated for the other core leg. 

Kuhlman Transformer ,—Instead of employing a continuously 
wound core of strip steel, the cores of the Kuhlman BI (bent-iron) 
transformer are made of steel strips or laminations formed or bent 
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around a mandrel to form an opening, or window, for the winding. 
When bent around, the stiips overlap at the ends so as to make a low- 
reluctance joint. To relieve the bending strain,s and .set the strips 
in their ultimate form, the core is then annealed. Two bent-iron core 
units, placed hack to back, are then opened, Fig. 236(a), being he d by 
two clamps. The coils are wound around the core in a lathe and the 
clamps then removed, allowing the laminations to be returned to 
their initial position, alternately lapping one another. Fig. 236(b), 
Because of overlapping, the thickness of tlie core at the joint is tw^ice 
that of the remainder of the core. Again, in this type of core the 
direction of the flux is the same as that of the orientation of the grain. 

167. Cooling of Transformers. —^All the energy lost in a trans¬ 
former must be dissipated as heat. Although this energy is but a small 
proportion of the total energy undergoing tr’ansformation, it becomes 
quite lai’ge in amount in transformers of higher kva ratings. The 
greater the rating of a transformer, the more difficult it Ix^comr's 
to dissipate the heat, for the kilowatt capacity of the transform(‘r 
increases much more rapidly than the heat-dissipating surface. 

It is necessary that the heat be transferred from the points at which 
it is produc(‘d, that is, within the windings and core, to the heat- 
dissipating surfaces of the transfoi-mer. Then the heat must be 
removed from these heat-dissipating surfaces. In most commercial 
transformers some of the heat is transferred fi*om its point of origin to 
the surface by conduction, but a far greater portion is transferred by 
convection. 

Transformers^ are classified in accordance with the method of 
insulating and cooling, as follows: (a) dry type; (b) oil-immersed, self- 
cooled; (c) oil-immersed, foi ced-air-cooled; (d) oil-immersed, water- 
cooled; (e) oil-immersed, forced-oil-cooled; (/) air-blast. 

a. The dry type is cooled by the circulation of air and is not oil- 
immersed. Instrument transform(u*s (p. 300), except for those for 
the highest voltages, are ordinarily of the dry type (also see /). Dry- 
type transformers arc fiequently used indoors since it is not ne(*esHary 
to install them in fireproof vaults. Such vaults are required for oil- 
immersed transformers on account of fire hazard. 

h. In oil-immersed self-cooled transformers, the cooling is effected 
by the natural circulation of the oil through the cooling ducts in the 
windings and core, carrying the heat to the heat-dissipating surfaces, 
whence it is carried away by the natural cooling action of the air. 

On being heated in the ducts, the specific gravity of the oil decreases, 
and it rises, forcing the oil in the top of the tank either down against 
1 ASA Standard 50 (1942), pp. 25, 15, 16. 
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the relatively cool inside surface of the tank or out through the tubes 
or radiator, where it is cooled and descends to the bottom of the tani, - 
to repeat the cycle. This is called thermosiphon circvlaiion. 

The power ratings and the heat losses of transformers increase 
much more rapidly than the normal surface area. Since 'nth natural 
circulation of air it is possible to dissipate not more than le-fourth 
to one-third of a watt per ‘square inch of surface, it becomes necessary, 
with increasing power ratings (35 kva and greater), to increase the 



• f 
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1 iG 2^7— ^75-k\a, 12 000-volt (±10 per cent) 3-phaso 60-c\cle power tiaiisfoiiner 
■with tuhuljii (ooliiig and tap-changing niorhanism. {WLst%7ighout>c Elcctrtc Corp.) 

heat-dissipalinj]; .surface beyond the normal area of the case. With 
translorinerb ot moderate rating:, the heat-dissipating area may be 
nearly doubled by fluting the sides of the case; with larger ratings^ 
return tubes are welded between the top and bottom of the case, Fig: 
237. \ 

Transformers having tubular coolers are limited in size by shipment 
considerations, such as their total weight and also the side and over¬ 
head clearances of the railroads. The tubular principle can be utilized, 
however, by bolting radiators to the casing to take the place of the 
tubes. As these radiators are held by bolts, they may be removed 
during shipment and bolted in place when the transformer is installed. 
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c. An oiUimmersed forced-air-cooled transformer is one in which 
the core and coils are immersed in oil and the cooling is increased by 
forced air over the cooling surfaces. The air is forced over the exterior 
cooling surfaces, such as the case, tubes, and radiators, usually by 
means of fans mounted external to the transformer, frequently on the 
radiators. 



Fig 238—12,500-kva, 138,000/09 000/13 SOO-volt OO-Pvclo power tiinsfoTinoi with 
radiator bank (Southwestern Light and Powei Co ) {WesHnghouse Ehclric Corp ) 

d. An oiLimmersed water-cooled transformer is one in which the coie 
and coils are immersed in oil, the cooling lieing effectc'd by the circula¬ 
tion of water through a coil installed in the transformc^r tank and 
immersed in the oil. The coil is necessarily located near the top of the 
tank, where the temperature of the oil is the highest. In freezing 
temperatures, precautions must be taken against freezing of the 
water. 

e. An oil-immersed forced-oil-cooled transformer is one in which the 
core and coils are immersed in oil and the cooling is effected principally 
by forced-oil circulation through some external cooling means. This 
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method of cooling is one of the latest to be adopted and is employed 
with the radiators separately tanked from the transformers and con¬ 
nected to them with headers at the top and bottom, Fig. 238. This 
development resulted from the fact that, as transformer rati,ngs 
increased, it became more difficult to find room on the transformer case 
for the necessary radiators, particularly when the surface of the tank 
was also needed for such auxiliaries as tap changers andf lightning 
arresters. 

A pump in the lower header forces the oil through the windings and 
tank and back through the radiator. Forced-air cooling by fans blow¬ 
ing on the radiator can also be employed. This system has many 
advantages. Forced oil raises the/rating by one-third and forced air 
by another third. Whereas with natural cooling it t'equires a tem¬ 
perature difference of 17 to 18°C to circulate the oil through the wind¬ 
ings, with forced oil the difference is only 2 or 3°. The tank can be 
made more compact and the radiator placc'd wherever spacic is most 
available, 10 ft away if necessary. The radiator can be facdory- 
assembled, saving field (jxpense in installation, and the radiator need 
not be torn down for inspection or repair. Valves in the headers permit 
the radiator to be readily separated. 

/. An air-blast transformer is a dry-type transformer cooled by a 
forced circulation of air through the core and coils. This type of 
transformer is limitcnl to voltages not exceeding 25,000 volts. Its 
principal \ise is in substations located in thi(jkly settled districts, where 
oil is considered a fire hazard, (^ommon practice is to locate such 
transformers over an air chamber in which the air is maintained under 
pressure by blowers. The air is forced up through the core and wind¬ 
ings and is discharged through the top of the case. A filter to remove 
the dust from the cooling air, thus preventing its deposit in the trans¬ 
former ducts, is desirable. 

168. Breathing of Transformers. —When transformers become 
warm, the oil and gas expand. The gas at the top of the oil is expelled. 
When the transformer cools, air is drawn into the transformer. Hence, 
the transformer breathes.Unless preventive measures are taken, 
moisture is drawn in during this process; this moisture is readily^ 
absorbed by the oil, and the dielectric properties of the oil are corre¬ 
spondingly reduced. Moreover, the oxygen in contact with th# oil 
oxidizes it, forming a thick sludge, w^hich adheres to the windings, 
clogging the oil ducts and sometimes resulting in burnouts. Also, 
oxygen in contact with the oil gives opportunity for fires and explosions 
in case of internal flashovers. 

With transformers rated at less than approximately 2,000 kva or 
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44,000 volts, breathing may be prevented by sealing the cover and 
case with a gasket and the bushings and leads with an insulating com¬ 
pound. With large transformers, effective sealing becomes difficult. 
Hence, breathers are installed. 

The Westinghouse Electric Corporation uses an Inertaire breather 
in which a dehydrating substance such as calcium chloride and an 
oxygen-removing substance leave essentially only dry nitrogen, which 
is inert to oil. This method has been superseded in large measure by 
an Inertaire equipment in which nitrogen contained in a cylinder is 
admitted by a valve to the gas space above the oil when the pressure 
falls below psi (lb per sq in.) and shuts off when the pressure is slightly 
above this value. In order to conserve nitrogen, by reducing breathing 
to a minimum, the pressure is allowed to build up to 10 psi above 
atmospheric pressure before gas is released to the atmosphere. With 
such equipment, explosive mixtures cannot form over the oil, and 
deterioration of the oil by oxidation, causing sludging, is prevented. 

Another method for preventing the deterioration of the oil is to 
mount an expansion tank, or conservator^ on top of the transformer 
case. This tank is connected by pipe to the transformer and is always 
partly filled with oil. It absorbs the expansion and contraction of 
the oil so that the main transformer is always full and the surface of 
the oil is not exposed to oxygen. The conservator is provided with a 
breather containing a drying agent such as calcium chloride. 

With most transformers, mineral oil is used for cooling and insula¬ 
tion. The General Electric Company, however, has developed a 
synthetic noninflammable compound called Pyranol^ as a substitute 
for oil where fire hazard prevents the use of oil, as indoors in 
factories. The compound is also nonsludging. It is more expensive 
than oil and more volatile and therefore generally is used with sealed 
tanks. It reacts chemically with certain insulating and other materials 
and can be used only in transformers designed specially for its use. 
The Westinghouse Electric Corporation also uses a similar synthetic 
cooling compound called Inertcen as a substitute for oil where fire 
hazards exist. 

169. Three-phase Transformers. —Three-phase transformers have 
considerably less weight and occupy much less floor space than three 
single-phase transformers of equal rating. For this reason they are 
used commonly in practice. The principle of the 3-phase core-type 
transformer is illustrated by Fig. 239. Three single-phase trans¬ 
formers (secondaries not shown) have each a primary winding upon 
one leg. These transformers are symmetrically wound, and each 
winding is connected to one wire of a 3-phase system. The three 
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cores are placed 120® apart so that the empty legs of the three are in 
contact. The center leg formed by these three carries the sum of the 
three fluxes produced by the 3-phase currents h, 1 2 , Iz* As the sum 



Fig. 239.—Piinciple of 3-i>hase, coie-type transformer. 


_ 



Fig. 240.-’—Practical arrangement of windings on 3-phabe core-type transformer, 

connected Y-Y. 

of the three currents at any instant is zero, the sum of the three fluxes 
must also be zero. Hence, no appreciable flux exists in the common 
leg, and this leg may be eliminated, therefore, without disturbing 
e> isting conditions. That is, any two legs act as tjie return for the 
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third, just as in a 3-phase system any two wires act as the return for 
the current in the third wire. 

A more practicable arrangoment, from the construction standpoint, 
is shown in Fig. 240. The reluctance of the magnetic circuit for 





Fig. 241.—83,3.S3-kva 24,500-12,000-volt Y-cojinerled 3-phase core-type trana- 
founei with case iciiiovccl. (General Elecfnc Co) 

the center coil is less than it is for the iw o outer coils. This makes the 
magnetizing current of the middle phase slightly less than that of the 

two outer phases, but the magnetiz¬ 
ing currents are so small that this 
has no noticeable effect on the 
operation of the transformer. 

Figure 241 shows the core and 
the low-voltage coils assembled of a 
General Electric 83,333-kva 25 cycle 
24,500- to 12,000-volt Y-connected 
core-type 3-phase transformer. 

Figure 242 shows a 3-phase 
shell-type transformer. It does not 
differ from three single-phase shell- 

Fia. 242.— Arrangement of coUe type transformers kid sidc by side. 
and laminations m 3-phase shell-type Owing to the joint USe of the mag- 
transfoimei. netic paths between the coils, there 

is less iron in this type of transformer than in three equivalent 
single-phase units. As each phase has a magnetic circuit independent 
of the others, the three phases are more independent of one another 
than they are in the core type. 


THE TRANSFORMER 


285 


The lower cost of 3-phase transformers and the smaller spa(*e 
occupied by them are often balanced by the fact that, if any one phase 
becomes disabled, the whole transformer ordinarily must be removed 
from service. (The shell type may be operated open delta at 58 per 
cent of its rating, but this is not always feasible.) If one transformer 
of a 3-phase bank of single-phase transformers becomes disabled, the 
system may run open delta at reduced capacity or the transformer may 
be replaced by a single spare, which can be readily substituted. 

170. Autotransformers. —An autotransformer is defined as a trans¬ 
former in which part of the winding is common to both the primary and 
secondary circuits.^ Such a transformer is shown in Fig. 243(6). 
However, before analyzing the operation of the autotransformer, 
consider the conventional two-to-one transformer shown in Fig. 
243(a). 


Fig 243. 


d' 10 Amp 


fjf 10 Amp ^ 


100 


o 

60 v.l2.5n 


Jl. 



—10 Amp C “*~20 Amp 
(6) Autotransformer 

Cun0111*5 and voltages in antotiansfoinier suppling load at 50 per rent 
voltage. 


-10 Amp C C Amp 
(a) Conventional Transformer 


The primary ac is connected across a lOO-voll alternating-current 
supply. The secondary 6'c' has just half the number of turns of the 
primary ac, and, therefore, the voltage across the secondaiy is 50 volts. 
This sc'condary b'c' supplies a 2.5-ohm resistance, so that the secondary 
current is 20 amp. Instantaneous directions of currents are indicated. 
Negh'cting the magnetizing current, the iirimary current hr is 10 amp, 
flowing downward as indicated. It ^\ill be noted that the secondary 
current h'b' i« 20 amp, flowing upward. 

If the secondary winding 6V' be combined with the part he of the 
primary winding, where 6 is the mid-point of the w inding ac, no disturb¬ 
ance wdll occur; for the voltage Vch is equal to th.o voltage Vc'b' and the 
two are substantially in phase. (The current flows against the 
induced emf in winding be and with the induced emf in wmdmg 
6'c'.) Assume that the windings be and 6V' arc in contact at every 
point, giving a single winding cb. Fig. 2-13(6). The current let will 
now be the algebraic sum of the original primary current and the 
secondary current Ic'h', or 10 amp, as showm. Instead, therefore, of 

^ American Standard Definitions of Klectrical Terms, C42 (1941); 15.20.015. 
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having two windings, one of which carries 10 amp and the other 20 
amp, a single winding only is necessary, and its rating need not be 
greater than 10 amp. The copper represented by the 20-amp second¬ 
ary, Fig. 243(a), in this case may be eliminated, and yet there is suf¬ 
ficient copper to transfer the same power from one circuit to the 
other. Such a transformer is called an autotransformer or compensator. 

Voltage and Power Relations in Autotransformers. —The primary 
voltage. Fig. 243(6), is i?oc, and the winding ac receives the power; 
the secondary voltage is Ehc\ the ratio of transformation is Eac/Ebc; 
the magnetizing current flows through winding ac. The winding ac, 
therefore, could be considered as the primary and the winding be as 
the secondary. In discussing the current and power relations within 
the transformer itself, the treatment is simplified by considering the 
winding ab as the primary and the winding be as the secondary, the 
magnetizing current being neglected. 

The coil be supplies power to the load and is the secondary of a 
transformer of which ab is the primary. Neglecting losses and 
magnetizing current, both of which are small, 

Power delivered to the load is 50 * 20 = 1,000 watts, 

Power in the primary ab is 50 * 10 = 500 watts. 

Power in the secondary be is 50 • 10 = 500 watts. 

Only 500 watts is transformed, but 1,000 watts is delivered to the 
load. 

The extra 500 watts is not transformed but flows conductively from 
the line a'a to the line bd. In this case, only half the total power is 
transformed. 

In the winding ab, the current of 10 amp undergoes a drop in 
potential of 50 volts, which represents power (500 watts in this case), 
this power being supplied by the circuit ac. By the law of the con¬ 
servation of energy this power must appear elsewhcire. It is actually 
being transferred to the magnetic field and again appears in the wind¬ 
ing be where a current of 10 amp is raised 50 volts in potential. That 
is, by transformer action, power is transferred from winding ab to 
winding be. In the foregoing discussion magnetizing current and 
losses, both of which are small, have been neglected. 

Although diagrammatically the autotransformer has the appear¬ 
ance of a resistance-type voltage divider (see Fig. 219, p. 259), its 
operation is quite different. In the voltage divider the power in the 
different resistances is lost in heating, whereas in the autotransformer 
all the power, except the small losses, is transferred from one circuit to 
another. 
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Figure 244(a) shows a conventional transformer, which transfi^rms 
1,500 watts from 100 volts and 15 amp to 75 volts and 20 amp, that is, 
the voltage is stepped down in the ratio 4 to 3. The primary current 
lac is 15 amp, and the secondary current Ic'v is 20 amp, as shown. 
When the windings he and 6 'c' are combined to make an autotrans¬ 
former, Fig. 244(5), the net current in be is only 5 amp. The winding 
5'c' in (a) may be eliminated entirely, and winding be in (5) need be 
only one-third the cross section of the winding be in (a). Again there 


16Amp ^ 


100 V. 


Tl 


nil 


20 Amp 

JT 


76 V. 




16Amp C 20Amp 
(a) Conventional Transformer 


16 Amp 


hi 




0,1 

loov, Si 


20 Amp- 


75 V. 


-*16Amp C -^20 Amp 
(b) Autotransformer 


Fia. 244.—Currents and voltages in autotiansfoimcr supplying load at 75 per cent 

voltage. 


is a considerable saving in. copper, and hence in iron, in the autotrans¬ 
former over the conventional transformer. 

In Fig. 244(5), 


Primary power in a5 = 25 • 15 = 375 watts. 
Secondary power in 5c = 75 • 5 = 375 watts, 
Transformed power = 375 watts. 

Power condveted must be 1,500 — 375 = 1,125 watts. 


Only one-fourth the total power involved is transformed, whereas 
in Fig. 243 one-half the total power is transformed. 

The autotransformer is therefore a type of transformer that trans¬ 
forms a portion of the power and allows the remainder to flow con- 
ductively through its windings. 

If m be the ratio of the low-voltage emf to the high-voltage emf, 
the ratio of the power transformed magnetically to the total power 
delivered is 1 — m. Thus in Fig. 244(5), m = ^ 4 , and the autotrans¬ 
former transforms only one-fourth the power that would be required 
of the conventional transformer. As m becomes smaller, the rat%ig 
of the autotransformer approaches that of the conventional trans¬ 
former until the saving by the use of the autotransformer becomes 
negligible. Hence the autotransformer is economical only when the 
ratio of transformation is moderate. 

An autotransformer can be used to obtain the neutral of an a-c 
3-wire system in the same manner as a balancer set is used to obtain 
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the neutral in a d-c 3-wire system (Vol. I, Chap, XV). The connec¬ 
tions of an autotransformer used in this manner are shown in Fig. 
245 for a 230-115-volt 3-wire system. If the load on the lower half of 

the system is greater than on the 
upper half, the winding ab acts as 
the primary and the winding he as 
the secondary to supply the needed 
extra power required by the lower 
half of the system. Hence the 
winding ah acts as the motor and 
the winding he as the generator in 
the balancer set. When used in 
this manner the autotransformer is 
called a halanec coil. The balance coil costs less and is much more 
efficient than the balancer set. 

Autotransformers arc used to start induction motors and syn¬ 
chronous motors (see pp. 334 and 405). When so used they are fre¬ 
quently called starting compensators or anfostarters. 

It is shown that autotransformoi\s lose much of their advantage 
when the ratio of transformation is high. Also, they have the dis¬ 
advantage that the primary and secondary are conductively con¬ 
nected. This is a potential dang^^r if the voltage is high. Therefore 
under these conditions the low side should be grounded. 


a 



Fi(}. 245.—Autotraiisforinor or bal¬ 
ance coil used to obtain 3-wiie lighting 
by stem. 


An ordinary lighting transformci can be used as an autotransformer to change 
the voltage by a moderate amount. Figure 240 shows a 20-kva 2,200- to 220-volt 
transformer. The rated primary current 100.1 A. Ol A 




20,000 

2,200 


= 0.1 amp, 


and the rated secondary current 


I2 


20,000 

220“ 


= 91 amp. 



The hiRh and low sides can carry 9.1 and 
91 amp, respectively, without exceeding 

their ratings. The low side may be connected to raise the voltage, Fig. 246. 
Ninety-one amperes can flow to the load without overloading the low-voltage 
coil. This requires 9.1 amp in the high-voltage coil, which is now acting as primary. 
The line current from the supply must be 100.1 amp. If the transformer losses 
are neglected, 


Power supplied Pi — 2,200 • 100.1 = 220,220 watts 

Power delivered P 2 = 2,420 • 91 = 220,220 watts 

Power transformed = 91 • 220 = 20,000 watts. 
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Assume 97 per cent offioiency for the transformer. This means that the loss 
is 0.03 • 20,000 * 600 watts. 

The efficiency of the system is 


_ 220,220 
220,220 4- 600 


or 99.8%. 


It is to be noted that a device of this type is much like the senes 
booster described in Vol. I, (Chap. XII) but is much simpler and much more effi¬ 
cient. When an ordinary lighting transformer is used in this manner, the low-side 
winding should be grounded at one point, for the insulation between the low side 
and core is not designed to withstand full high-side potential. 


171. Phasing Transformer Windings.—Both primary and second¬ 
ary of transformers usually consist of two or more windings, which 
may be connected in series or in parallel, thus giving the tiUnsformer a 
wider range of voltage and current ratings. If these windings are not 
connected properly with relation to each other, a virtual short circuit 
may result when the transformer is put into operation. There are 
many methods of phasing such windings. Assume, Fig. 247, that ah 
and cd are the two 115-volt windings of a step-up transformer. It is 
desired to connect ah and cd in series for 230-volt operation. If 
115 volts is available, connect one winding ah across this voltage. 


Connect terminal c of cd to termi¬ 
nal h of ah. If the voltmeter across 
ad reads 230 volts, the windings 
are connected properly for series 
operation. If the voltmeter reads 
zero, a may be connected to d for 
115-volt parallel operation. If a 
230-volt supply only is available, 
and the two windings should be con- 



d Low Hifirh 


nected across it in series opposition, Methods of phasing tranb- 

. . . ,1 , former coils. 

a virtual short circuit would result. 


Hence, a resistance R (or a reactance) must be connected in series to 
limit the current, if by chance the bindings should be in opposition. 
It follows that when the windings are in opposition the voltmeter V 
reads low and the ammeter A reads high. 

To phase the high-side coils a'5' and c'd', use the connections^of 
Fig. 247 and connect a' to d'. (Be certain to disconnect the power 
source when making this connection.) If the coils a'6' and c'd' are 
connected properlj?' for series operation, they become short-circuited 
when a' is connected to d'. The ammeter A in the primary reads high, 
and the voltmeter V reads low. If the secondary coils are connected 
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properly for parallel operation, the ammeter A reads low and the volt¬ 
meter V reads high. Also, these secondary coils may be phased in 
the same manner as the primary coils by reversing the transformer. 
Moreover, they too may be phased by measuring with a voltmeter 
(and potential transformer, if necessary) the voltage across a'd', etc. 

172. Y and Delta Transformer Connections.—There are several 
methods of connecting 3-phase transformer banks, as, foi example, 
Y-Y, A-A, A-Y, Y-A, V-V, T-T, etc. 

The primaries of single-phase transformers may be connected at 
will in Y or in delta, as the case may be. But the secondaries must 
be so connected that the proper phase relations exist. This may be 
accomplished by the same method used for alternator coils (p. 182). 
The primaries of 3-phase transformers, having parts of the mag¬ 
netic circuit in common, must })e phased. Phasing is frequently 



avoided when })rimary and secondary leads are brought out of tlie 
case symmetrically. 

Figure 248 shows a Y-Y-connected transformcT bank, ^^ith a 
secondary neutral. The transformer bank may be* either step-up or 
step-down. With secondaiy loads connected to neutral, this con¬ 
nection has the objection of having a ‘‘floating neutral,unless the 
primary neutral is connected to the neutral of the energy source, such 
as an alternator. The effect of unbalanced loads to neutral is illus¬ 
trated by placing a single load from wire 2 to the neutral, on the 
secondary side. The power to the load must be supplied by primary 
coil 2. This primary coil cannot supply the power because it is in 
series with primaries 1 and 3, vhose secondaries are open-circuited. 
The two primaries 1 and 3 under these conditions act as very high 
impedances, so that primary 2 can obtain but very little current 
through them from the line. Transformer 2, therefore, can supply no 
appreciable power. In fact, the secondary of 2 may be short-circuited 
and only a small current will flow unless the cores of transformers 1 
and 3 become too highly saturated. The short circuit merely pulls the 
primary and secondary neutrals over to wire 2. 
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This difficulty of the floating neutral may be obviated by con¬ 
necting the primary neutral back to the generator so that the primary 
of transformer 2 can take its power from between its line and the neu¬ 
tral. Another objection to the Y-Y-connection is the fact that the 
secondary coil voltages usually contain large third harmonics. 

The delta-delta bank, Fig. 249, is often used, especially fqf moder¬ 
ate voltages. Its chief advantage is that if one transformer becomes 



Primaries Secondaries 

Fig. 249.--Delta-delta connection of transfoi mers. 


disabled the system may operate in V or open delta. In both the Y-Y- 
and the delta-delta connections, the ratio between the primary and 
secondary line voltages is the same as the individual transformer 
ratio. 

The delta-Y-connection, Fig. 250, is a very useful connection for 
stepping up the voltage. It is not open to the objections of a floating 
neutral and wave distortion, such as the Y-Y-connection involves. 



Another distinct advantage of the delta-Y-connection over the delta- 
delta connection is that for high voltages less insulation is required. 
For a 100,000-volt system, the Y-connected transformers need.be 
insulated for only 58,000 (100,000/\/3) volts, whereas delta-connected 
transformers must be insulated for 100,000 volts. The Y-delta system 
is often used for stepping down the voltage (see Fig. 374, p. 458). 

The ratio between line voltages in these two systems is not the 
individual transformer ratio, for the line voltage on the Y-side is 
\/3 times that given by the transformer ratio. A delta-Y-bank can- 
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not be paralleled with a Y-Y- or a delta-delta bank, even though the 
voltage ratios are correctly adjusted, as there will be a 30® phase dif¬ 
ference between corresponding voltages on the secondary side. 

173. V-connection.—It is pointed out in Sec. 117 (p. 182) that 
line voltage must exist between the open ends of the two coils of the 
delta before the third coil is connected. At no-load, with only two 
transformers, three equal 3-phase voltages exist around the secondaries, 
and a 3-phase transformation is possible, therefore, with only two 
transformers. This is called the V- or open-delta connection^ Fig. 251. 
Even under balanced loads the voltages may become slightly unbal¬ 
anced. This is not serious in commercial transformers, as their regula¬ 
tion is seldom poorer than 2 or 3 per cent. 

At first thought, it might appear that the V-connection would have 
two-thirds the rating of the delta connection. Both transformers 



Primaries Secondaries 

Fig. 251, V- or opoii-delta coiuiection of transformers. 


work at a reduced power factor when connected in V, even though the 
power factor of the load remains fixed. The kva rating of the V-con- 
nection, therefore, is less than two-thirds of the kva rating of the delta 
connection having individual transformers of equal rating. The 
ratio of the V-capacity to the delta capacity is l/\/3 = 58 per cent 
rather than 662^ per cent. This can be proved as follows: 


Let 1 be the rated current of each transformer and E the line voltage. The 
power Pi at unity power factor, Fig. 251, is \/3 El. 

As the transformer rating is determined by the current, the output P 2 at unity 
power factor of three of these transformers in delta would be ZEI. 

Therefore, 


Pi 

P 2 


y/ZEI _J_, 
SEI Vs 


or 58%. 


Often, in practice, a V-bank of transformers is first installed. 
The third transformer is added when the increase in load on the 
system warrants it. The rating of the bank is then increased 73 per 
cent with an investment increase of but 50 per cent. 
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174. V-connection and Single-phase Load. —In Fig. 252 (o) are shown ^wn 
secondary coils ah and be of an open-delta or V-connection. A resistance load is 
connected across the terminals ca of the oj>en delta. The three no-load emfs 
Eabf Ebcf Eea are balanced^ Fig. 252(5). The two transformers are identical, 
and each has an equivalent resistance R ohms, referred to its secondary, an equiva¬ 
lent leakage reactance X ohms, referred to its secondary, and a^ equivalent 
impedance Z ohms, referred to its secondary. It is required to determine the 
terminal voltage Vea across the open end ca, as a result of the resistance load c'a' 
across ca. For simplicity, the current in resistance c'a' will be assumed to be in 
phase with the no-load voltage A’ca, although, if it a pure resistance load, the 



a a' 



c 

(q) Equivalent Circuit 
for Terminals ca 


Fig. 252. —SiiiRle-phaso load a<*i 


/Voltage \ J- -rr 

\ DroDS J ■Icaui. 



Vca'~~Eca loa R 

(d) Vector Subtraction with 
Similar Subscripts 

open cmls of V-c*onnected iraiibforinei.s. 


current will actually be in phase with the resulting terminal voltage Vea, which is 
not as yet known. This in no way alt(*rs the fuiidainental problem; and if capaci¬ 
tance were combined with the resistance, the current could be brought in phase 
with Eca. The problem will be solved using the double-subscript notation (Sec. 
87, p. 124). 

First consider Fig. 252(c) in which the emf Em is supplied by a simple trans¬ 
former coil. The current I,a is assumed to be in phase with emf Eca- If it were 
desired to determine the terminal voltage Vm of coil ca, the resistance drop leifi 
in phase with Im and the reactance drop haX leading Ica by 90°, shown at twe 
origin in (d), would be subtracted vectorially from EcUf Fig. 252(d), giving Vea- 
This operation is that shown in Fig. 179 (p. 200) and Fig. 218(5) (p. 255), except 
that the induced emf is now given, to find the terminal voltage. For example, if in 
Fig. 252(d), Yea were given to find Em^ the leaR- and /caA-drops would be added 
in the manner shown in Figs. 179 and 218(5). It is to be noted that in making 
the subtraction the voltage drop IcaR is in opposition to the current and that the 
drop leaX lags the current by 90°. If this fact is kept in mind, the determination 
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of the voltage drops with their proper signs can be made in such dissymmetrical 
networks as shown in (a). 

From (c), note also that the current in the load /o'r' = La. 

Referring to (o), an emf Era is acting between the open terminal ca that is the 
same as the emf Era acting between the terminals ca in (c). Also, the resistance 
load c'a' connected across terminals ca is identical with that shown in (c). Elec¬ 
trically, the operation of the system with respect to terminals ca in (a) is the same 
as the operation in (c), except that, with two coils in series in (a), the internal 
impedance of the system in (a) is twice that in (c). Hence, in (a), the current is 
from a to 6 to c, lae ~ Ir'a', and La = I a'e'j as shown in (&). 

In (h), the three balanced no-load emfs Eau, Ei,r, Era, are given. It is required 
first to determine the terminal voltage Vdb. To do this Lb first must be deter¬ 
mined just as it was necessary first to determine La in finding Vea in (c). Referring 
to (a),/ab ~/r'a'. Lh =/r'a'is fouiid by rcvershig/aV iu (6). Then Fab is found by 
subtracting from Eah, LiR in phase with curnuit Lb and labX leading fob by 90°. 
Ttis is 4one by reversing laiR and LhX and adding to Eab as shown in (6). To 
determine Fbf, the current Ii,r must be used. With no load connected to terminal b, 
Ibe = Lb. Lb has been found so that Lc is also determined, as shown in (6). 
Vbr is then found by subtracting from Ebr, LrR and JtrX, which are equal to LhR 
and LbX. Vra can then be found, since fra = Feb + Fba. This vector operation 
is shown in (6). Also, as has been stated, the internal impedance of the system 
with respect to terminals ca is that of the two transformers in s(*ries. Hence, 
Fea also may be found, as shown in (6), by subtracting from Era, Ica{2R) and La{2X). 

If it is desired that La be in phase with Fr« rather than Era, its position lagging 
Era by a small angle may be assumed as a first approximation and corrected later, 
if in the completed diagram its position is found to be materially in error. 

176. Scott Connection, or T-connection.—By means of the Scott 
connection, or T-connection, it is possible to transform not only from 
3-phase to 3-phase by moans of two transformers but also from 
3-phase to 2-phase or from 2-phase to 3-phase. The method of con¬ 
necting for 3-phase to 3-phase transformation is shown in Fig. 253(a), 
(6). Two transformers having primaries ad and be and secondaries 
a'd' and b'c' are used. The middle point d of the winding he and middle 
point d' of the winding 6'c' must be accessible. One end d of the pri¬ 
mary winding ad is connected to the middle point d of the primary 
be. The ends of the three coils are connected to the 3-phase supply 
abe. The transformer be is called the main transformer and ad the 
teaser transformer. 

Figure 253(c) shows the voltage diagram. The 3-phase supply is 
assumed to be 100 volts across lines, and the transformers have a 
one-to-one ratio. 

The voltages Ede and Edb are each equal to 50 volts and differ in 
phase by 180® since coil de and coil db are both on the same magnetic 
circuit and are connected in opposition. Each side of the equilateral 
triangle, Fig. 253(c), is equal to 100 volts. The voltage Eda is the 
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altitude of the equilateral triangle and is, therefore, equal to 100 
or 86.6, volts. The same relations hold in the secondary coils, so 
that a'6'c' is a symmetrical 3-phase system. The full rating of the 
transformers is not utilized however. The teaser transformer operates 
at only 86.6 per cent of its rated voltage, and in the coih^ hd and dc 
the current lags 30° in one and leads 30° in the other at unity power 
factor. This gives a power factor of 0.866 in the transformer coils 
and is therefore equivalent to the transformers^ operating at only 
86.6 per cent of their kva rating. If, however, the teaser is designed 





Vector diagram 


Ficr 253—T-connocted traiisfoi mors, 3-phase to S-phase. 


for 86.6 per cent voltage, it operates at full rating and the rating of the 
system is then (100 • 0.866 + 86.6)/(100 + 86.6) == 0.928 of the 
total transformer rating. 

If the ends V and d' of the secondaries be connected, as shown in 
Fig. 254(a), a 2-phasc 3-wire system results. The voltage Bdv is equal, 
to only 86.6 volts, whereas the voltage equals 100 volts. Jfhe 
resulting 2-phase system, therefore, has unequal voltages. This 
may be corrected, however, if the line a be connected to point ai on 
the primary of the teaser transformer, the point ai being such that 
dai represents 86.6 per cent of the total winding of the teaser trans¬ 
former, as shown in Fig. 254(5). This will increase the volts per turn 
in the ratio of 100 to 86.6 and will raise the secondary voltage a cor- 
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responding amoun^^ thus producing a symmetrical 2-pha8e 3-wire 
system. By connecting the middle points of the secondaries, a sym¬ 
metrical quarter-phase 4- or 5-wire system may be obtained, Fig. 
255. 

In any of the foregoing connections, d is not the neutral of the 
primary system, as it is not the center of gravity of the voltages. The 



-( 6 ) 


Fig. 254.—Soott or T-roimootion, 3- to 2-i)liaso. 

voltages from the point O, Figs. 253(r), 254(6), to a (or Ui), 6, c arc 
equal. Point 0, therefore, is the neutral of the primary system. 
Point 0 is two-thirds the way down the teaser transformer winding 
from ai to d, Fig. 251 (6). 

In these connections, the voltages become slightly unbalanced 
even under balanced loads. This is due to the unsymmetrical phase 
relations among the voltages and currents in the individual coils. 



Fiq. 255.—T-conneoted transformers giving quarter-phase 4-wire system with balanced 

voltages. 

176, Tap Changing under Load.—When required, it has always 
been the custom to provide transformers with taps in either primary or 
secondary by means of which the ratio of transformation can be 
changed by moderate amounts. Such tap changing has been accom¬ 
plished by such manual operations as changing links or by unbolting 
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the line terminal from one tap and bolting it to another. In 
such changes it is necessary to disconnect the transformer from the 
line, and usually it is necessary to open the case, lower the oil level, etc. 
With transformers of small rating, tap changing may be accomplished 
by means of an insulated switch, Fig. 228(a) p. 270, although the 
circuit is opened momentarily. 

Many applications make it desirable to change the voltage in 
transformers of large power ratings while the transformer is under 
load and without opening the circuit. For example, the voltage on 
feeders can be regulated automatically by tap-changing mechanisms 
on the feeder transformers, induction regulators being thus elimi¬ 
nated (Sec. 202 , p. 358). Interconnected systems ordmarily require 
control of the voltage at the point of interconnection. [Reactive kva 
but not kilowatts thus can be controlled (see Secs. 143,145, pp. 234,238).] 
Also, voltage adjustment is desirable with synchronous converters and 
electric furnaces. 

In ordei* not to open the circuit while changing taps, it is necessary 
to provide some means by which the section of the transformer winding 
between taps is not short-circuited during the transition period. 

The connections for a common and simple method of tap changing 
are shown in Fig. 25G(a). The transformer winding is represented by 
ab with taps connecting to circuit breakers 1, 2, 3, 4, 5. One line wire 
A is connected to terminal a. cd is a preventive autotransformer 
whose function is to prevent the short circuiting of the taps when a 
change of connection is made and also to make available a voltage 
midway between tap voltages. A circuit breaker 5 is connected across 
the preventive transformer cd. The other line wire connects to the 
mid-point e of the preventive transformer. 

In order to obtain the maximum voltage the circuit breakers 1 
and s are closed. Under these conditions, the load current from B 
divides, half going through winding ce and th« other half going through 
winding de of the preventive transformer. Since the mmfs of these 
two currents are in opposition, there is an almost negligible impedance 
drop in the preventive transformer. To obtain a voltage midway 
between taps 62 ?^, circuit breaker 5 is opened, and circuit breaker 2 is*^. 
closed. The voltage at the midtap e is midway between the voltages 
of taps b and 62 . In the transition, before circuit breaker 2 is closed, 
the entire load current flows in winding ce of the preventive trans¬ 
former. The core is designed to become saturated so that the emf 
across cd does not reach high values. After 2 is closed, the load cur¬ 
rent I divides equally between the windings ce and de as shown in ( 6 ). 
Hence one-half the load current adds vectorially to the exciting cur- 
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rent Jo in ce and subtracts from it in de, so that the currents in ce 
and de are unequal. 

The same procedure is followed in connecting to other taps. For 
example, to connect to tap 62 , open circuit breaker 1 and close s. 
These tap-changing operations may be controlled automatically by a 
contact-making voltmeter so as to hold the circuit voltage to any 
desired value. 



Fut. 256 Connections foi tap changing under load. 


In order to avoid the high surge voltages to which the end turns of 
transformers sometimes are subjected in single-phase and delta-con¬ 
nected transformers, the taps frequently are located at the center of 
each winding. In grounded Y-systems they are at the grounded end 
of each winding. 

In order to obtain the advantages of tap changing for transformers 
not having taps brought out, auxiliary tap-changing transformeis 

operating as boosters are used and are con- 

^ — - - nected with their secondaries in series with 

the main transformer and their primaries 
across the line. (See Fig. 240, p. 288. The 
cf ^ 220 -volt winding would be tapped.) 

Sometimes Avith system interconnections 
phase as well as voltage control is necessary 
® ^ A particularly when it is desired to transfer 

Fic 257.—Phase control. power load. Phase control may be effected 

by taps in auxiliary secondary windings 
in the main transformer of the 3-phase system. For example, 
in Fig. 257, ab, he, ca are three-delta-connected secondaries of the power 
transformers. The auxiliary secondaries a'5', 5'c', c'a' are wound on 
the same cores as secondaries ab, be, ca, respectively. Hence, the 
emfs of a'b', 6 'c', c'a' are in phase with the emfs of the main secondaries 
ab, be, ca, respectively. If these auxiliaries are connected as shown, 
phase shift may be obtained by moving simultaneously the three taps 
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Ay B, C. No attempt is made to show the tap-changing mechanism, 
which would be the same as in Fig. 256. It is almost always neces¬ 
sary to have ratio control with phase control. 

177. Constant-current Transformers.—The transformers here¬ 
tofore considered are constant-potential transformers; that is, the 
secondary voltage remains substantially constant, and a change of 
load is accompanied by a corresponding change of current. There 
are conditions where a constant current is desired, the most common 
being series street lighting. It will be recalled that constant direct 
current is obtained from a series generator. Constant alternating 
current ordinarily is obtained from a.constant-current transformer. 

The construction of the transformer is such that the primary and 
secondary can move with respect to each other. The primary coil 
may be fixed, and the sec.ondary may move; or the secondary coil 




Fia. 258. Coiibtaut-currciit transformer. 


may be fixed, and the primary may move. Both types are found in 
practice. Figure 258(a) shows a transformer in which the primary is 
stationary and the secondary is movable. The load consists of a 
number of lamps connected in scries. Thv secondary is suspended 
from a lever, which is counter weighted. A dashpot is provided to 
prevent rapid fluctuations in the position of the moving coil. 

The operation of the transformer is as follow^s: Assume that the 
secondary coil is floating,'^ that is, is free to move either up or down, 
and is delivering a certain current to a series load. The currents in 
the primary and secondary flow in opposite directions, Fig. 258(b). 
There is repulsion, therefore, between the tw^o coils. Assume that Ifee 
load changes, for example, decreases. This change of load would be 
produced by short circuiting one or more lamps, causing a decrease in 
the load resistance. Because of the decreased load resistance, first 
the secondary and then the primary current tends to increase. This 
increases the repelling force between the two coils, resulting in the 
secondary’s moving farther away from the primary. The leakage 
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flux between the two coils is thus increased, and this reduces the 
secondary induced volts. The secondary coil will move away from 
the primary until the secondary current is again at its normal value. 
The action of such a transformer depends on the change in leakage 
flux of both primary and secondary, Fig. 258(6). In starting the 
transformer the movable coil should be as far away as possible from 
the fixed coil and the secondary should be short-circuited. 

Because of its large proportionate leakage flux, this type of trans¬ 
former has a very low power factor except at about maximum load. 
This is one objection to its use. 

INSTRUMENT TRANSFORMERS 

178. Electrical Measurements at High Voltages.—It is not usually 
practicable to connect instruments and meters directly to high-voltage 
circuits. Unless the high-voltage circuit is grounded at the instru¬ 
ments, their potential to ground may be high, whi(*h makes them a 
source of danger to anyone coming near the instruments or s\\ itch- 
board. Further, instruments become inaccurate when connected 
directly to high voltage, because of the electrostatic forces that act on 
the indicating element. Specially designed instruments may be con¬ 
structed so that they can be connected directly to high-voltage cir¬ 
cuits, but these instruments are usually expensive and are not suitable 
for commercial work. 

By means of instrument transformers, instruments may be entirely 
insulated from the high-voltage circuit and yet indicate accurately 
the current, voltage, power, etc , in the high-voltage circuit. Low- 
voltage instruments having standard current and voltage ranges thus 
may be used for all high-voltage circuits, irrespective of the voltage 
and current ratings of the circuits. 

179. Potential Transformers.—Potential transformers do not differ 
materially from the constant-potential power transformers already 
discussed, except that their power rating is small and they are designed 
for minimum ratio and phase-angle error. At unity power factor 
the impedance drop from no-load to rated load should be not over 1 
i»er cent. Below 5,000 volts, potential transformers are usually of 
the dry type; between 5,000 and 13,800 volts they may be either of 
the dry type or oil-immersed, above 13,800 volts they are oil-immersed. 

As only instruments, meters, and sometimes pilot lights ordinarily 
are connected to their secondaries, such transformers have ratings of 
40 to 500 watts. For primary voltages of 34,500 volts and higher, 
the secondaries are rated at 115 volts. For primary voltages less than 
34,500 volts, the secondaries are rated at 120 volts. For example, 
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a 14,400-volt potential transformer would have a ratio of 


14,400 _ 120 
■ 120 1 ' 


The ratio of turns may vary 1 per cent or so from this value to allow for 
the transformer impedance drop under load. Figure 259 shows a 
simple connection for measuring voltage in a 14,400-volt circuit by means 
of a potential transformer. The secondary always should be grounded 



Fto. 259.—Conneolions of potentinl and current transformers to 14,400-volt circuit. 


at one point to eliminate ^^static’’ from the instrument and further to 
(msure safety to the operator. Figure 2()2 shows a potential trans¬ 
former used in conjunction with a current transformer for measuring 
power by means of a wattmeter. 

180. Current Transformers.—To avoid connec'.ting alternating- 

current ammeters and the current coils 
of other instruments and meters as well 
as relay coils directly in high-voltage 
lines, current transformers are used. In 
addition to insulating from high volt¬ 
age, they step down the current in a 
known ratio. This enables a lower range 
ammeter to be used than ordinarily would 
be required if the instrument were con¬ 
nected directly into the primary lin^i, 
The current, or series, transformer has a primary, usually of few 
turns, wound on a core and connected in series with the line, Fig. 259. 
When the primary has a large current rating, it may consist of a 
straight conductor passing through the center of a hollow core, (bar 
type). Fig. 260. The secondary, consisting of several turns, is wound 
around the laminated core. The ratio of current transformation is 



Ftq. 260.—Bar-type eurrent 

transformer. 




302 


ALTERNATING CURRENTS 


approximately the inverse ratio of turns. For example, the primary, 
Fig. 260, has 1 turn, and if the secondary has 60 turns the ratio will 
be 60 to 1. The ratio may vary slightly from this value, owing to th(* 
magnetizing current. In Fig. 261(a), the primary current Ii consists 
of two components, —1 2 , the component necessary to balance the 
secondary ampere-turns, and /o, the exciting current. The exciting 
current introduces a slight error in the ratio as well as causing /2 to 
depart by the angle from the 180° phase relation to h. The angle 0 



(a) Vector diasram 



0 10 20 30 40 60 60 70 80 90 100 110 120 130 140 


Per Cent Rated Current 

(b) Phase an^le and ratio curves for typical current tiansfornier 
Fig. 261.—Cunent-transformer character jstics. 

is defined as the phase angle^ of the transformer and is positive when 
— 72 leads 7i, Fig. 261 (a). At light loads the exciting current may 
cause considerable error. Figure 261(6) shows the variation of phase 
angle and ratio with load for a typical transformer. 

Both the ratio and the phase angle are affected by the impedance 
of the secondary load, or the burden on the transformer. As the bur¬ 
den increases, the ratio increases and the secondary current 1 2 lags 
more, which ordinarily reduces the value of The ratio correction 
factor (R.C.F.) is the quotient obtained by dividing the true ratio. 
Fig. 261(6), by the nominal or name-plate ratio. For example, if the 

1 ASA Standard 57 (1942), 1.131. 





THE TRANSFORMER 


303 


noniinal ratio is 100 to 1 and the true ratio 100.5 to 1, the ratio co’^rec^- 
tion factor is 100.5/100 = 1.005. The phase angle has no effect when 
the transformer is used for measuring current only, but it does intro¬ 
duce error into power and energy measurements when wattmeter and 
watt-hour-meter current coils are connected in the secondary. The 
error may be small near unity power factor, but it may becoji .*s serious 
at low power factors. (Likewise, the phase angle of the potential 
transformer introduces a similar error.) 

The secondaries of practically all current transformers are rated 
at 5 amp regardless of the primary current rating. For example, a 
2,000-amp current transformer has a ratio 400 to 1, and a 60-amp 
transformer has a ratio 12 to 1. 



Fig. 262.—Typical connections of instrument transformers and instruments for single- 

phase measuiements. 

The insulation l)etweon the primary and the secondary of a current 
transformer must be sufficient to withstand full circuit voltage. 

The current transformer differs from the ordinary constant- 
potential transformer in that its primary current is determined entirely 
by the load on the system and not by its own secondary load. If its 
secondary becomes open-circuited, a high voltage will exist across the 
secondary, because the large ratio of secondaiy to primary turns causes 
the transformer to act as a step-up transformer. Also, since the 
counter ampere-turns of the secondary no longer exist, the flux in 
the core, instead of being due to the difference of the primary and 
secondary ampere-turns, will now be due to the total primary ampere- 
turns acting alone. This causes a large increase in the flux, producing 
excessive core loss and heating, as well as a high voltage across the 
secondary terminals. 

Therefore^ the secondary of a current transformer should not he open- 
circuited under any circumstances. 

Figure 262 shows the method of connecting a typical instrument 
load, through instrument transformers, to a high-voltage line. The 
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load on the instrument transformers includes an ammeter, a voltmeter, 
a wattmeter, and a watt-hour meter. p]ach secondary is grounded at 
one point. Correction for ratio of transformation must be applied to 
all the instrument readings, the wattmeter and watt-hour meter 
involving the ratio of both current and potential transformers. Usu¬ 
ally, in permanent installations, as on switchboards, the instrument 
scales themselves are marked so as to take into consideration these 
ratios. The primary voltage, current, and power therefore may be 
read directly. 

Polarity Markings ,—In order to be able to connect instruments, 
meters, and relays so that the correct phase relations exist bet^^een 
their potential and current circuits, it is convenient in instrument 
transformers to know the relation of the instantaneous polarities of 
the secondary terminals to the primary terminals. It has become 
standard to designate or mark the primary terminals and the secondary 
terminals that have the same instantaneous polarity. The primary 
terminals are marked Hi, 7/2 ... , and the secondary terminals A^i, 
^2 . . . , Figs. 259 and 202. When a primary terminal and a sec¬ 
ondary terminal are simultaneously positive, current will be entering 
the primary terminal and the secondary terminal. Figs. 259 and 

262. 



CHAPTER IX 

THE INDUCTION MOTOR 

181 . Principle.—The induction motor is the most widely used 
type of alternating-current motor. Tliis Ls due to its ruggednj^ and 
simplicity, to the absence of a commutator, and to the fact that its 
operating characteristics are well 'adapted to constant-speed work.,) 

The principle of the motor may be illustrated as follows: A metal 
disk, Fig. 263(a), is free to turn upon a vertical axis. Th*^ disk may be 
of any conducting material, such as iron, copper, or aluminum. A 
magnet, free to rotate on the same axis as the disk, is placed above the 
disk, and its ends are bent down so that its magnetic flux cuts through 
the disk. When this magnet is rotated, the magnetic lines cut the 
disk and induce currents in it, as shown in the figure. As these cur¬ 
rents find themselves in a magnetic field, they tend to move across this 
field, just as the currents in the conductors of a direct-current motor 
tend to move across its magnetic field. By Lenz\s law, the direction of 
the force developed between these currents in the disk and the magnetic 
field producing them will be such that the disk tends to follow the 
magnet, as shown in the figure. 

To illustrate this more in detail, consider Fig. 263(a), (6), (c). In 
(a), the north pole of the rotating magnet is sho^vn as moving in a 
counterclockwise direction. The conductor beneath the magnet also 
moves in a counterclockwise direction, but more slowly than the mag¬ 
net. The relative motion between the magnet and the conductor is 
the same, therefore, as if the magnet were stationary and the conductor 
moved in the clockwise direction. This relative motion of the magnet 
and the conductor is illustrated in Fig. 263(6), in which the disk is 
viewed from the position of the arrow A, The iV-pole is considered 
as being stationary, and accordingly the disk and hence the conductor 
are moving from right to left. Applying Fleming's right-hand rule 
(see Vol. I, Chap. XI), the direction of the induced current is tward 
the observer. The lines of force about the conductor, due to its own 
current, are therefore counterclockwise, and the resultant field is 
found by combining the conductor field and the field produced by the 
magnet. The appearance of this resultant field is shown in Fig. 263(c) 
(also, see Vol. I, Chap. XIII). As the magnetic field is increased in 
intensity to the left of the conductor and reduced in intensity to the 
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right of the conductor, there is a force developed which urges this 
conductor from left to right, that is, the conductor tends to follow the 
magnet. Actually, the magnet rotates in a counterclockwise direction. 
The disk, therefore, rotates in the same direction, but at a speed less 
than that of the magnet. 

Thus, in induction apparatus of this character there exists generator 
action, which causes currents to be induced, and motor action, which 
causes the induced currents to follow the inducing field. 



The disk can never attain the speed of the magnet; for, were it to 
attain this speed, there would be no relative motion of the disk and 
the magnet and, therefore, no induced emf in the disk due to cutting of 
the disk by the magnetic flux. The disk current then would become 
zero, and no torque would be developed, a situation that would result 
in the disk speed becoming less than that of the magnet. Because the 
disk cannot attain the speed of the magnet, there must always exist a 
difference of speed between the two. This difference of speed is called 
the revolutions slip. 

It is to be noted that the currents in the disk, or armature, of this 
type of motor are induced therein, rather than being conducted into 
the armature, as in the ordinary direct-current motor. 
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A cylinder may be used instead of the disk, Fig. 264. In the figure 
are shown 4 poles, the magnetic lines of which cut the cylfpder. 
If the frame carrying these poles be revolved by mechanical means, 
the currents induced in the cylinder will cause the cylinder to rotate 
in the same direction as that of the rotating frame. This cylinder is 
more representative of the commercial induction motor tip^n is the 
disk, although both operate on the same principle. 

182. Rotating Field.—The field of Fig. 263 is a sliding-type field. 
Although this type of field is used in the induction watt-hour meter 
(Sec. 78, p. 106), a rotating field acting on a cylindrical armature is 



Fiq. 264.—Rotation of conducting cylinder due to induced currents. 


much better adapted to motors. Such a field is shown in Fig. 264. 
There are 4 poles mounted on the yoke or frame, and the magnetic 
flux due to the 4 poles passes through the conducting cylinder, which 
is free to rotate. If the entire field structure be rotated mechan¬ 
ically in a counterclockwise direction as indicated, the flux due to 
the poles will cut the conducting cylinder and induce currents as shown.^. 
The paths and directions of these currents should be noted, for |fiey 
are identical with those of the induction motor with a similar rotating 
flux. By applying Fleming’s right-hand rule the direction of the 
induced currents may be determined, the relative direction of motion 
of the rotating member with respect to the poles being used. Flem¬ 
ing’s left-hand nile then may be applied to determine the direction of 
rotation of the cylinder or armature. With the relation of poles and 
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currents in Fig. 264, the direction of torque, or rotation, is counter¬ 
clockwise. 

The induction motor operates on the principle of the rotating field, 
Fig. 264, but the rotating field is produced by polyphase currents in 
polyphase windings, such as alternator windings. Such rotating 
fields are produced entirely by electrical means, there being no mechan¬ 
ical rotation of the pole pieces themselves. A simple type of such 
rotating field is that produced by 2-phase currents in a 2-phase 2-pole 
winding described in the next section. 

183. Rotating Fields, a. Two-phase. —In Fig. 265(a) arc shown 
sectional views of an induction motor with a 2-phase 2-pole stator 



winding. For simplicity, slots are omitted, and a single-layer winding 
is shown. A two-layer winding could be obtained by adding a second 
layer like the winding shown, but the electrical effect would not be 
changed. In (a) the phase belts are designated as +A, —A, +B, 
— B, The (+) and ( —) signs designate opposite sides of the armature 
coils of any one phase. When a current is positive, it is assumed 
that its direction is inward in a (+) phase belt and outward in a ( —) 
phase belt. When a current is negative, its direction will be outward 
in a (+) phase belt and inward in a ( —) phase belt. In (b) are shown 
the vectors and sine waves of current I a and Jj?, differing in phase 
by 90° and supplied to the windings A and B. 

At instant 1, the current 1a is zero, and the current is negative 
maximum. Hence, the current will be outward in the +B-belt and 
inward in the — J5-belt, as shown in (1). By applying the corkscrew 
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rule, the direction of the mmf is found to be 45® downward to the left, 
and a N- and S-pole are created as shown. At instant 2, 45 time 
degrees later than instant 1, the current Za is positive and 0.707 of 
its maximum value, and Ib is negative and also 0.707 of its maximum 
value. Hence, the two currents are equal numerically, and according 
to assumption the currents are inwards in the — JS- and +i4»«belts and 
outward in the +B- and — A-belts. The resultant mmf is now hori¬ 
zontal and acts from right to left, producing the N- and S-poles shown 
in (2). Note that as the currents have gone through 45 time degrees, 
the A- and /S^-poles have advanced 45® in a clockwise direction. At 
instant 3, the current Za is a maximum, and Zb is zero. The current is 
still inward in the +A-belt and outward in the —A-belt, and the 
direction of the mmf is now 45® upward to the left, as shown in (3). 
Note that the N~ and S-pole have advanced 90® from their initial 
position. At instant 4, the two currents are positive, and each is 
equal to 0.707 of its maximum value. The direction of the current in 
the JS-belts is the reverse of that in (2), and the mmfs combine to 
produce a field acting vertically upward. If a similar analysis is 
made for time degrees 5, 6, 7, 8, 9, the iV- and S-poles vill advance 
45® in each interval; and at 9, the completion of a cycle, the field will 
be in the same position as at 1 and will have made one revolution. 
Hence, in a 2-pole stator the rotating field makes one revolution for 
every cycle of current, or its speed in rps is equal to the frequency of 
the supply in cycles per second. 

In Fig. 2G6(a) is shown a section of an induction motor similar to 
that in Fig. 265(a), except that the stator is wound for 4 poles. 
The connections of the winding are shown in (6). Although for 
simplicity the winding is shown as a single-layer one, it behaves 
electrically the same as a two-layer winding. The phase belts are 
designated as (+) and ( — ), and as in Fig. 265 positive current is 
inward in the (+) belts and outward in the ( —) belts. 

At instant 1, the current Za is zero, and Zb is a negative maximum. 
Fig. 265 (6). By applying the corkscrew rule for determining the rela¬ 
tion of magnetic flux to the current producing it, 4 poles are formed 
in the stator, two A’^-poles in the vertical plane and two S-poles in'! 
the horizontal plane, as shown in (1). At instant 2, the current ||^ is 
positive, and Zb is negative and of the same polarity as in 1. The 
resulting A- and S-poles are again determined by the corkscrew rule, 
and it will be noted that these two poles have advanced 22.5 space 
degrees in a clockwise direction, whereas the currents have undergone 
a change corresponding to 45 time degrees. Conditions (3), (4), (5), 
are taken at time degrees 90, 135, 180 of the two currents. Between 
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points (1) and (5), the rotating field has advanced only 90 space 
degrees, whereas the currents have gone through 180 time degrees. 
Therefore, the speed of this rotating field in rps is one-half that of the 



Phase A Phase R 



2-pole motor of Fig. 265 and is therefore equal to one-half the fre¬ 
quency of the supply in cycles per second. 

b. Three-phase .—The production of rotating fields with 3-phase 
currents is illustrated in Fig. 267 (also see Fig. 177, p. 195). In (a) 
is shown a sectional view of an induction motor with a 3-phase 4-pole 





S'Phase 
Su 


Fig. 267.—Rotating field produced by 3-phase currents in 4-pole induction-motor 

winding. 

signifies that the current flows into the conductors of that belt when 
the currents are positive and outward when the currents are negative. 

. _ _ The reverse is true of the ( —) belts. 

Phase A Phase Phase 0 ,, . • i* • i- 

1 or Simplicity, the winding is shown 
as a single-layer one, the connections 
being shown in Fig. 268. For sim¬ 
plicity, only the .4-phase is shown as 
being completely connected, the B- 
and C-phases being connected in a 
manner similar to A . With a two- 
layer full-pitch winding, the relations 
of current and flux w’^ould be iden¬ 
tical with those of Fig. 267(a). In 
Fig. 267(6) are shown the 3-phasd 
currents as vectors and as sine wi|ve8. 

268.-Smgie-iayer 3-pha«e The Currents in the windings (1), (2), 
4-pole induction-motor winding, lap (3), (4) in (a) correspond tO the 

instants 1, 2, 3, 4 in (6). 

In (1), the current I a is zero, so that Ib and Ic are opposite and 
equal. The position of the field is shown at this instant. In (2), 
the currents I a and Ic are but half their maximum positive values, 



Ftg. 268. —Single-layer 3-phase 
4-pole induction-motor winding, lap 

COiiUOClud. 
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and the positions of their phase belts on the stator are at each side of 
the 5-belt, in which the current is a negative maximum. The field, 
therefore, is symmetrical at this position. 

It will be noted, also, that the time angle between successive 
values of current in 1,2,3 is 30 electrical degrees, whereas the 
field advances only 15 space degrees between (1) and (2) and also 
between (2) and (3). From diagrams (1) to (4), the currents have 
advanced 90 electrical time degrees, but the rotating field has advanced 
only 45 space degrees; that is, the advance of the rotating field in 
space degrees is equal to one-half the advance of the currents in 
electrical time degrees. The speed of such a field in rps is equal, 
therefore, to one-half the circuit frequency in cycles per second. 

From Figs. 177 (p. 195), 265 to 267 and the accompanying dis¬ 
cussion the following conclusions may be drawn: 

In order to produce a 2-pole rotating field, the angular space 
degrees between the phase belts of the winding must be the same as 
the electrical time degrees between their respective currents. If 
the motor has p poles, the angular space degrees between phase belts is 
2/p times the electrical time degrees between their respective currents. 
(In a 2-pole motor, 1 electrical degree equals 1 space degree; in a 4-polo 
motor, 2 electrical degrees equals 1 space degree; etc.) For example, 
in Fig. 266 the motor has 4 poles, and the time angle between the cur¬ 
rents IA and Ib is 90°. Hence, the space angle between the A- and 
5-phase belts is • 90° = 45°. In Fig. 2()7 the motor has 4 jxdes^ 
and the time angle among the currents /a, /a, Ic h 120°. Hence, the 
space angle between the successive +A-, +5-, +C-phase belts is 
% • 120° = 60°. In a 6-pole 3-phase motor there is an angle of 40° 
between successive (-h) phase belts, that is, 2/6 • 120° = 40°. In the 
ordinary drum windings, however (see Figs. 146, 147, pp. 162 and 1()3), 
the coil sides lap back, so that in Fig. 267(a) the angles between reversed 
phase belts, that is, between (+) and ( —) phase belts, are 30°. For 
example, in the 6-pole motor the angles between reversed phase bells 
are 20°. The currents in such adjacent belts are 60 time-degrees apart. 

It also follows that in a 2-pole motor, irrespective of the number of 
phases, the speed of the rotating field in rps is ecpial to the frequency in 
cycles per second; in a 4-pole motor the speed of the rotating field in 
rps is one-half the frequency in cycles per second. It would follow that 
in a 6-pole motor the speed would be one-third the frequency and in 
an 8-pole motor the speed would be one-fourth the frequency in cycle« 
per second. 

The JV- and S-poles, produced by the currents in the stator wind¬ 
ings, in rotating around the air gap cut the rotor or armature conduc- 
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tors, inducing currents in them. The currents, reacting with the stator 
poles, develop torque tending to produce rotation of the armature, 
just as in Fig. 263 the induced currents in the disk and the flux pro¬ 
ducing them react and cause the disk to rotate. 

To reverse the dire(‘tion of rotation of a 2-phaso rotating field, 
reverse the leads of either phase; to reverse the direction of rotation of 
a 3-phase rotating fieM, interchange any two leads. 

184. S 3 mchronous Speed; Slip.—It has just been shown that the 
speed in rps of a 2-p()le rotating field is ecjual to the frequency in cycles 
per second, the speed of a 1-pole field is one-half this value, the speed 
of a 6-pole field is one-third this value, etc. It follows that the speed 
of the rotating field in rpm must be 


_ 

P ' 


(188) 


where / is the frequency in cycles per second and P the number of 
poles. 

The speed N of the lotating field is called the synchronotis speed 
of the motor. The common synchionous speeds for commercial 
motors at 25 and at 60 cycles per vsec are as follows: 
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-- 

2 

1 rm 

3 bOO 

4 

750 

1 800 

6 

500 

1 200 

8 

375 

900 

12 

250 

GOO 


Slip .—If an armature A\hose conductois form closed circuits be 
l)laced in a rotating field, it wiW de\elop toKpie because of the induced 
currents acting in conjunction \Mth the rotating magnetic field. 

As has been poi nted out, the armatu re can n ever attain the speed 
of the ro tating^eld^ forjifJ t did^ the cutting of conductors by flux* 
would cease and there wou ld be n o ro tor curren t and, therefore,^no 
torque. 

The difference between the sp eed of the rotating field and that of 
t he rotor is called the revol vtions sHp_of the motor. For example, if 
the rotor of a 4-pole 60-cycle motor has a speed of 1,730 rpm, its 
revolutions slip is 1,800 — 1,730 = 70 rpm, where 1,800 rpm is its 
synchronous speed 
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It is more convenient to express the slip as a fraction of the syn¬ 
chronous speed. Denote the speed of the rotor hy N 2 and the syn¬ 
chronous speed by N. Then the slip 


s 


N - N 2 
N 


(189) 


For example, the slip in the above motor is 


1,800 - 1,730 70 „„„„ 

- i ; 8oo 


The rotor speed is 


N 2 = N(1 — s) rpm [from (189)]. (190) 


The full-load slip in commercial motors varies fr(jm 1 to 10 per 
cent depending on the size and type. 

186. Rotor Frequency and Induced Electromotive Force.—If the 
rotor of a 2-pole 60-cycle motor is at standstill and a GO-cycle voltage 
is applied to the stator, each rotor condu(‘.tor will be cut l)y an iV-pole 
60 times per second and by an S-pole 60 times per second, as this is 
the speed of the rotating field. If the stator be wound for four poles, 
the speed of the rotating field is halved, but each conductor is then cut 
by two N- and two ^^-poles por revolution of the field and, th('refore, 
by 60 N- and 60 AS-poles per second, the same as in the 2-pole motor. 
Consequently, in each case, the freciuency of the rotor currents at 
standstill {s = 1,0) will be the same as the stator frccpiency. This 
holds true for any number of poles. At standstill the motor is a simple 
polyphase static transformer, the stator being the primary and the 
rotor being the secondary. 

If the rotor of the above 60-cycle motor revolves at half syn¬ 
chronous speed in the direction of the rotating field (s = 0.5), the 
rotor conductors are cut by just one-half as many iV- and 6-poles per 
second as when standing still and the frequency of the rotor current is, 
therefore, 30 cycles per sec. 

By taking other rotor speeds, it can be shown that the rotor 
frequ^cy 

/2 = sf, (191) 


where /2 is the rotor frequency, s the slip, and / the stator frequency. 
The rotor frequency is equal to the stator frequency multiplied hy the slip. 

Example .—Determine the frequency of the currents in the rotor of a 6C-cycle 
6-pole induction motor, if the rotor speed is 1,164 rpm. 

The synchronous speed 


an • 120 

N - - - 1,200 rpm [Eq. (188), p. 313]. 
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The Blip 


^ 1,200 - 1 ,164 _ / 

* 1,200 “ ® * 

/2 =» 0.03 • 60 « 1.8 cycles per s6c. Ann, 


The rotor frequency has a very important bearing on the operating 
characteristics of the induction motor. 

The induction motor can be used as a frequency changer, provided 
that the rotor is driven mechanically at the proper speed. Current is 
taken from the rotor, or secondary, through slip rings. Under 
these conditions, some of the power is supplied electrically and some 
mechanically. 

186. Alternating-current Torque, a When the Slip Is Small ,—It 
has been pointed out, in connection vith the direct-current motor, 
that the torque is proportional to the current and to the density of 
the magnetic field in which the current finds itself. This same law 
holds for alternaling-current motors, provided that the instantaneous 
values of current and flux are considered. 

Figure 209(a) shows the space distribution of flux from one iV-pole 
as it glides from left to right along the air gap of an induction motor. 
This flux is distributed sinusoidally along the air gap, as is shown by 
the flux-density curve B, Fig. 209(6). 

I ^he slip be small^ the re actance of the^ rotor conductors is low 
bec ause / 2 = sf and X 2 = 27r/2 Z/2j w 


_____ requen ci 

^2 the rotor reactance at slip s, and L 2 the rotor inducta nce. Because 
o f the rotoFIr eaclan c e, th e rotor c unent lags the ind u ced f>mf of t.hft 
rotor by a n angle a. At low^ values of slip, this angle a is very small, 
siMcTan a = whenTTfTSTHi^o^or reSstance." 

The induced emTin any mn’gT^FconductTnTTcm inlengtli, in a field 
having a density of B gausses, the conductor moving at a velocity of 
V cm per sec with respect to the field, is Blv 10~® volts, the flux, 
the conductor, and the velocity being mutually perpendicular (see 
Vol. I, Chap. XI). When, therefore, a conductor is cutting flux at a 
uniform velocity, the flux being sinusoidally or otherwise distributed 
in space, the emf in the conductor is zero w hen it is moving in a region 
where B, the flux density, is zero; the emf is a maximum when the 
conductor is moving in a region w^here B, the flux density, is a maximti|[n. 
As the emf e is prop ortional to B at every instant if t; is con- 

tsee p. 


stant, e will be a m aximu nT ^en B is a m ajdm um, etc, (see p. 176F. 
The emf e per conducto r, is therefore in space pha se with t he flux 
de^i^. It follows further thaFtHe wave shape dT IKe^Snf tn a single 
conductor is the same as the shape of the space-distribution curve of 
the flux. 




816 alternating currents 

At s mall val ues of sli Pp the angle a, between the induced emf i n 
eacn conductor aj^ the current in the conducto r^ is s m all, an d therefore 
tEe^curr^ir in xrf ,thfi conductors, Fig. 

pEase wi^ its induced emL As the induced emf is a maximum 
the conductor is in that part of the field when* the flux^ deiisi^ Js 
greatest, the current will Be a maximum at practically the same instmit. 




Fig. 269.—Relation among flux, cuirent, and torque wlien eurient belt is in spaee 

phase A\ith flux wave 


The current in each conductor then is in time phase with its cm^ and 
jfi^ceThg”current-distribution curve I will be in pliase with the-Awf- 
density curve B. ^ Under these conditions, the current in the par¬ 
ticular conduej/or that is under the center of the pole, Fig. 269(a), 
is a maximum, and that in the other conductors is less, decreasing 
sinusoidally as indicated. 

Figure 269(6) shows both the flux-density distribution in the gap 
and the current distribution in the conductors of Fig. 269(a), the cur- 
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rent in each conductor being proportional to the flux density of that 
part of the field in which the conductor finds itself. (For simplicity, 
a smooth current-distribution curve is shown. This would hold true 
only with a uniform metal sheet about the rotor.) Th<» fornp n/<ting 
o n each conductor is proportional to its current and to the fl ix density 
nf tli at part of the .field in which~the conduc tor fi nds itself (m o Vol. I, 
Chap. XIII). The force due to each conductor, Fig. 269(a), is indi- 




liG. 270.—lielatioii among flux, ouiient, and toiqup \\hcn cinient belt is not in space 

phase with flux wa\e 

Gated in direction by an arrow attached to that conductor. _The . 
torque curve is obtained by taking the prc^uct of the c urrent-End ux 

^nsity iit each pointy multiplie d by a consta nt_The torque curve for 

the conductor belt shown mTlg. 209(o) is given in Fig. 269(6). This 
c urve is obt ained by multiplying the current at ea ch point by the flux 
densit y aF th at point" TFat is, tEe ordinat e oITbe torque curve at^ 
any po int, Fi gT~269(0j, Is equal to the product of the ordinate of the 
flux-density curv e and the ordinate ot the current curve at that poi^T^ 
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iiiultiplAed by a constant. It wil l be noted that this torque curve is of 
double -iff abvflr,Yf? p<^«i tive. readies zero tw i ce each cycle , 

and is^imilar to the power curve of F ig;. 22 ^_(jj . 24). The di rection of 
the^torauf j^ is f bfi aiSie aaJdxajdkgcjiffli?^ th^Jeld. 

b. When the Slip Is Large ,—As the slip increases, the reactance of 
the rotor increases, the reactance being proportional to the rotor fre¬ 
quency and, hence, to the slip. Therefore, the angle a by which the 
. c urrent l ags its in(lucp<jLQmf_increases^ tM*n Oi — 2 y/sL 2 /^ 2 . ’The 

current CQPdliCtor will not reach its maximum value untiT^ 

time^degre es after the induced emf has reached its maximum value. 
In the interval between the time when the induced emf reaches its 
maximum and the current reaches its maximum, the maximum point 
of the flux wave has moved by the conductor by a electrical space 
degrees, Fig. 270(a). A s a resul t^ some conductors, as a. Fig. 270(a), 
find th emselves in a reversed held and so developli torque opposite 
to that of the other conductors in the belt. Also, conductor a' in 
an adjacent current belt, because of the direction of its current, exerts** 
a torque opposite to that of the other condul*!^ in its belt. TIvc 
torques exerted by conductors such as a and a' produce the ncgati\ e 
loops 4)f the torque curve. Fig. 270(6). Thejborque curve T obtained 
by multiplying the ordinates of the flux-density curve B and the cqr- 
rent-distribution curve 1 is less than it is in Fig. 209 (.6), even \Mth the 
same value of current and flux. This is due to the negative values of 
torgue.rig- 270(6). 

Therefo re, in order to have maximum torque with fixed values of 
current and fluXj the rotor-current cuive must be in space phase wilJi Gw 
flux-density curve^ Fig-209. 

The average torque 


T = T„, 


cos a. 


(192) 


where Tmaz is the average torque when the rotor current curve / and 
the flux-density curve B are m space phase, and a is the space angle 
betwe^ current-distribution curve / and flux-density cujye B 

Figure 271^ gives for the complete 360 electrical degrees tTie condi¬ 
tions of Fig. 270 for a 2-pole motor, the ele(‘trical and geometiical space 
degrees being equal. The vector B gives the space position of the 
center of the iV-pole flux; the vector gives the space position of the 
center of the belt of emfs induced by the A-pole flux, and FJ is in space 
phase with vector B; the \ector 1 2 gives the space position of the center 
of th e. secondary c urrent belt, the curr ent bei ng jue tq^ Fo and laggii^ 
Fj by the angle a. The stator currents are also shown in this figure; 

^ Diagram from Fig 83, Standard Handbook,” 7th ed.. Sec. 7, p. 698. 
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and since the vector 1 2 corresponds to currents flowing into the paper, 
the space position of the vector /i, representing the center of a stator 
current belt, must also correspond to currents flowing into the paper, 
^'^hus, as in a transformer, Ii and /2 d iffer in phase by nearly 180^. 
In order that lag may be shown in thp r»lnAlr\47iaA 

"SonTthe field is shown rotating counterclockwise so that the JV-pole 
^s moving from right to left. In Figs. 269(a) and 270(a) the field is 
shown moving from left to right, in order that time may be shown as 
increasing toward the right, the usual convention. 



Fio. 271.“ Semipiotorial space lepiosentatioii of cuireiit and flux in induction motor. 

187. Stator and Slots.—llie construction and assembly of indue- 
tiori-motor stators are identical with those of alternators of the same 
size. likewise, the windings are identical with those of alternators 
(Sec. 182) for the same voltage, synchronous speed, and number of 
poles (see Chap, VI). 

However, in order to m ake the air-gap reluctanc e a nummiin^^ 
to prevent excessive tooth losses, the stator slots in nearly all induction 
motors, except in those of large rating are of th e semiclos ed type. 
Fig. 272(a), (b). In t he larger ratings open slo^ such as ar e used 
alternators,. Fig. 156(a), (p. 171), are us^d. The stator punching*, 
Fig7T55(a) (p. 168), is also used for induction motors of large rating. 
The chief advantage of the open s lot is th at form-wound coils can he 
used. With large high-speed motors it is not so necessary to reduce 
air-gap reluctance by the use of semiclosed slots. The pole pitch is 
large; therefore the number of ampere conductors per pole is large. 
Consequently, the desired flux density in the gap may be obtainea 
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rfiftdil y with 9 iit an excessive magnetizing current, even if open slots 
areuse^ 

TiTl^ctically all motors of the squirrel-cage type, the slots of the 
^tor are semiclosed or totally closed. F ig. 272(a), (6), ^.stheris is little 
difficulty in placing the rotor bars in these typ es of slota ^ The totally 



Fio. 272.—Stator, and rotor slots of squirrel-cage induction motor. 



Fig. 273.—Wound stator for 125-hp 340-rpm blower, and filter motor. {Reliance 
Electric and Engineering Co.) 

enclosed slot is particularly well adapted to the casting of aluminum 
rotor windings. Except in motors of large rating, the slots of wound 
rotors are of the semiclosed type (also see Figs. 273, 274, 281, and 
285, pp. 332, 337). 



ftfffintive s ftnt.innal arpa, nf th e air gap j.8 mcre ased and the magnetizin g 
current therefore, is reduced. Such slots alio reduce the pulsations of 
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fl ux in the individu al teeth and therefore reduce the tooth lo ^q. 
' ^icb otherwise might be senou^ On the other hand, semielosed 
and ^otally closed slots give a much higher slot inductance than the 
"op en slot, and this inductance in the stator and in the rotor lowers the 
po wer lactor and decreases the starting and the breakdown torques of 
“the m ojtor. ~ 

Tigure 273 shows the stator of a 125-^P340~rpm motor whose 
fabricated construction is typical of modern Jg.ethods. The feet and 
other parts are welded to the stator frame, ^^e rotor used with this 
stator is 30 in. diameter and is the largest l^pr heretofore made by 
the die-casting process. Some manufacturers are making the motor 
frames of cast iron. 

188. Squirrel-cage Motor.— The squirrel-cage motor is the simplest 
type of induction motor ami the most generally used. The core of the 



iiu 274. -Cast rotor with shaft and bearings for 00-hp 1150-rpm bO-c*>c‘le induction 
iiiotoi. {Reliance Electnc and Engineering Co.) 

rotor, or armature, Fig. 271, like that of the d-c armature, usually is 
built up of slotted steel punchings. The winding consists either of 
copper or alloy bars placed in the slots or of die-cast aluminum. In 
the bar type of winding the ends of the bars are connected together by 
conducting rings called end rings. The bars are usually electrically 
welded or brazed to the end rings. Formerly, solder was used, but con¬ 
siderable trouble was encountered by its melting and being thrown out 
of the joint by centrifugal action. Either stator or rotor slots fre¬ 
quently are skewed to minimize locking action of the teeth. T^r 
example, the rotor bars in the rotor of Fig. 274 are skewed. 

S^ith motors up to 30 h p and even greater, H has beeome eom nnon 
practice to make the entire rotor winding ordii^cast aluminum, Fig. 
274. The rotor bars, the end rings, and even the rotor fans are all 
cast integral with one another. With such rotors the slots must be 
closed to encase the molten metal. If semiclosed slots are used, 
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the narrow opening must be closed during the casting process. In the 
cast rotor, Fig. 274, ventilating ducts also have been provided. The 
cast type of rotor construction is now widely employed by loading 
manufacturers, since it produces a uniform and very rugged rotor. 
Because of the capital investment and the lesser production, it usually 
is not economical to manufacture this type of rotor in the largest sizes. 

189. Operating Characteristics of Squirrel-cage Motor.—The 
squirrel-cage motor, like the d-c shunt motor, operates at substantia lly 



Fig. 275.—Perfornianoe characteristics of 20-hp 1745-rpm squiri el-cage induction 
motor. {Century Electric Co.) 


constant sp eed. As the rotor cannot reach the speed of the rotating 
magnetic field, it must at all times operate with a certain amount of 
slip. At no load, th e slip is very s maj^ _ As load is applied to the r otor^ 
more rotoFcufrSit is required to develop the nejeessary torqueJ lh order 
^to carry the increas^ load. Cons equently, the rotating ma^etic 
field must cut tlie rotor conduct ors at an increased rate, in order to 
produ ce the n ec essary increa se oFCurr ent". " Accord ingly the slipD f~~ 
the rotor mu st mcreas ej and the rotor spee d must dec rease. T'he slip 
is equaljqjh^jj^tio of the PR loss in the rotor to the total pow^ de lwered 
to ih ejvU^^ thpl iSisSince of the "squirrel c^e is lo w, The PR loss 
is l ow, a nd therefore the slip for ordinary loads is small. In large 
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the fixed losses are large as compared with the input. As th e 
load increases, the efficiency increases to a maximum^, the fixe' 


vari able iiasses being equal a t thi s po i nt. Beyon d this pr^int^ jthe^ 
J^fidosses bec ome relat ively large^ caiisin^ tfieefficiencv to decrease . 

In addition to the foregoing characteristics, with horsepower as 
abscissas, a speed-torque characteristic is plotted, the abscissas being 
percentage full-load torque. This char acteristic shows both the hmaLk- 
down torque (270 per cent) and t£e starting to rque (2 80 per cent). 


190. Torque Characteristics of Squirrel-cage Motor.^- ^ne dis -^ 
advantage of the normal-type squirrel-cag§ motor is that on star ting it 
taEe s“a Targe cufreiil at Tow power l^^tor and, in spite of this lar ge cur- , 
rent, develops bu t little t orque. j||^lien the m(^or is stand stil l, the 
squirrel cage acts as the short-circuited secondai^^ of a transfqrmjej;:^ 
causmg the motor to taTce ah excessive cunent on starting, ifiull vxilt» 
agei§ ^ 

Figure 277 s hows the with slip for lUiree diff^ent 

values of line_vpltage. ^ It will be noted that for small valuer of slip 
up to and b^ond full load, which is the oidinary range of operation, 

„ _ the torque is substantially pro- 

poxthuicil^to the slip. Jdl higher 
values of slip, however, the torqu e 
curve bends a^ JapalLy re aches a 
maximunlr^This maxi mum is 

^udled the breakdown _ Bqt 

^ond this msitldmum pointy the 
JLorque decreases as the s^ p in - 
creaseSv'?'JP^ nipst types o f load 
thisjnaximum is a point of zn- 

0 10 20 

Fig 277.—Slip-torque characteristics accompanied by an increase in 

Jip'and3hkefore;hy ajecre^s 

Jn torque. As the motor now 
develops a decreased torque with an increased load, it must come to a 
standstill unless the load is removed. At standstill = 1.0, or 100 
per cent), t he torque is comparatively small. 

under lying cause of this small starting^torquejs t he reactance 
of the stator andT'orihe 'rotoF, TEF fotoF reactance is nronortional to 


the roton ireq uenc y ( a:j = %rfJL^, The rotor frequency /2 is propor- 
t ional to the sliv. As T he rot^“‘’sIip jnereases^h^ roto r react ance 
increases proportiona tely^ j^ereas the resistance does not change 
materially. The effect of this irMT^aged reactance is to produce a 



msm 
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greater phase difiference between the rotor currents 
ei SSJs that produce thi^ (tan a — x'JR^r As these currents at the 
same ti me differ in space phase with the less torque per ampe re 
is^Hevelope d T^ee . In fact, the current-distribution ^ 

an d the flux-distribution curve may beco me s o fa r out of sp ace phas e 
with each other thatx^YpnjwiUi four or fi ve time s rated c urrfnt, on ly 
aTracfloiTof full-load torque is developed. It can be shown that the 
breakdowiTTibrque of aiTInducti^ nioTor is decreased by an increase 
in the rotor tpactance {x 2 — 2Tr where Is the rotor reactance at 
standstilL ^^^^ ^^is desirable, therefore^ that the rotor reactance X 2 , and, 
hence, the rotor inductance^ be be low as possible [see (193)], 
v^^3t^n be shown also that the tor^ue'of'an induction mo for for a given 
slip is yroyortional to the square of th e l ine v olt age [(193)]. If the line 
voltage is^halved, the ^uxje halv ed, the stator i m^pedance drop 
beihg neglected, and the rotor cyjjmL fo r a given value of slip is halved . 
The torque is quarte red ^ therefore, the torque being proportional to 
the current times the flux, other factors remaining constant. In 
general, it may be saidjth at the torque for a given slip i s proportional 
to the of t he line voltage. For this reason, a 10 per cent drop 

in voltage may cause a 19 per cent reduction in the breakdown and 
starting torques. The effect of line voltage on torque is shown in 
Fig. 277, the torque at 80 per cent rated lin e vo ltage be ing 0.64 the 
torque at rated fine voltage for each value of slip. The torque at 
one-hairrated Tine”voItageTs "one^uarter the torqiie at rated line volt- 
age for each value of slip. It will be noted that with this type of motor 
the breakdown torque is approximately three times full-load torque. 

The stator impedance reduces the breakdown torque. A Ii igh 
stator impedance means a comparatively large impedance drop in th e 
s tator for a give n curre nt. This dec r eases the coiinter emf E\ Een^ . 
the air-gap flux becomes less, and therefore the value of the rotor cur¬ 
rent at any given slip is reduced. This results in a reduction of torque 
for each value of slip. 

The effect of each of these vaiious factors upon the breakdown 
torque is shown in the following equation; 


Breakdown torque,^ Tmax = 


KV^- 


ri + Vr? H- {xi 




( 1 «) 


where X is a constant, V the terminal voltage, Vi the stator resistance, 
Xi the stator reactance, and X 2 the rotor reactance at standstill. 

^Lawbencb, R, R., “Principles of Alternating-current Machinery,’^ 3d ed., 
p. 487. 
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The preceding equation shows that 

The bre akdown torque is proriortion nl to the Rgitnrp. of th.p. Mnp. 
f The breakdown torq ue is reduced by an increase in the stator resistance 
and b y an increase in t he^^Maior and rotor 

%fbre akdown torque is independent of the rotor resistance . 

The stator reSHa-QcF’a^^ the” rofoFl-eaetance at standstill are pro¬ 
portional to the frequency and to their inductances. It is desirable, 
therefore, that the stator and rotor inductances be kept low and that 
the frequency be not too high in order that the breakdown torque be 
not reduced unduly. 

As the squi rrel -cage mo tor is started frequen tly at low voltag e^ it 
develops small s tart ing torq ueTToi* fhe flux is small, and the rotor cur¬ 
rentsarfe considerably out of space phase with the flux. 

"-.-THs c^sirable that the stator and rotor inductances be as low a^ 
^os§ible,_ This is accomplished by having the slots partly open and 
thereby reducing the value per ampere of the leakage flux that links 
the individual conductors.^ J3rdinaiily it is not desiiable that the slots 

entirely open; for this increases the reluctance of the air gap, and 
more magnetizing current is required. This, in turn, reduces the power 
factor. Also, ’with open slots, the tooth losses may become exces¬ 
sive, particularly in large motors. The rotor-slot design is actually a 
comp romise^ 

I Because of the lower reactance accompanying a lower frequency, 

I a 25-cycle motor will have, in general, greater starting and breakdown 
torques than a 00-cycle motor. On the other hand, the magnetizing 
j current, in general, is higher, because of the higher flux densities 
employed in the 25-cycle design. 

Because of its low rotor resistance, the squirrel-cage motor has 
excellent operating characteristics for constant-speed work. ^The slip 
is sm all, and the sp eed regulation is go^d. In addition, the motor is 
simple and rugged and requires buf little attention. Some of its fields 
of application are in machine shops, in wood-working shops, in cement 
mills, in textile mills; in fact, it is used in most cases where the load 
requires constant speed with but little starting torque. 

As this type of motor develops very little starting torque, it cannot 
be used where it must be started under considerable load. Another 
disadva»tftge-i»4lmt its speed is not adjustable. 

In the accompanying table are given some typical operating data 
for squirrel-cage induction motors. 

191. Wound-rotor Induction Motor.—If resistance be introduced 
in the rotor-circuit an-iaduction -motw^ tWilip £or_a^iiven value 
of torque will increase. ~ 
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Squibrel-cagb Induction-motor Data 
3-phase, 40® open, 220 to 440 volts 
Manufactured by the Westmghouse Electric Corporation 




Speed, 

rpm 

Weight 

of 

motor 
alone, lb 

Efficiency, % load 

Power factor, % load 

Hp 

Poles 

Half 

Three- 

quarters 

rail 

Half 

Three-"* 

quarters 

Full 





60 cycles 





1 

4 

1,750 

75 

70 

75 ! 

77 

47 

60 

70 

3 

4 

1,750 

115 

78 

81 

83 

59 

71 

78 

5 

4 

1,735 

147 

81 

83 

83 

70 

78 

82 

7 5 

6 

1,160 1 

, 275 

83 

84 

84 

70 

81 

85 

10 

6 

l,lf)5 1 

305 

86 5 

86 

83 5 

77 

86 

88 

20 

6 

1,165 

515 

87 

88 

87 

74 

82 

86 

50 

6 

1,175 

1,110 

87 

88 

88 

80 

85 

87 

10l> 

8 

870 

1,910 

89 

90 

90 5 

1 77 

86 

89 


25 cycles 


2 

2 

1,430 

130 

76 

78 

78 

65 

75 

83 

3 

2 

1,435 

147 

85 

86 

86 

72 

79 

84 

5 

2 1 

1,433 

203 1 

80 

82 

82 

68 

79 

86 

7 5 

2 

1 432 

305 

85 

86 

84 

76 

85 

89 

10 

2 

1,432 

380 ' 

' 87 

87 

86 

83 

89 

91 

20 

2 

1,452 

515 

88 

89 

89 

84 

88 

90 

50 

2 

1,437 

1,220 

86 

88 

87 

87 

91 

93 

100 

4 

715 

2,930 

88 

89 

i 89 

85 

91 
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The torque is proportional to the flux, to the armature current^ And 
to the cohine of the space angle a betu oen the flux and the iiiirrent- 
(SecrTSf), p. 315). The flux of the induction motor is practically 
constant since the counter emf is practically constant. If resistance 
be introduced in the rotor circuit, the rotor impedance is increased. 
(At slips that give the ordinary values of torciue, the armature react¬ 
ance is small as compared with its resistance; hence, the armature 
impedance is practically all resistance.) If th^lip remai ns constant^ 
ihfijnduced emf of the rotor does not change.^ The armatur e eiirreM . 
which is equal to tSs emF (liyidedjjy^yhe^^^ decreasA . 

JS mce ^ cQsme^g [Eq. (19 2)^p. 318] do eg^ not increa se so rapidly as the 
armature current decreases, the torque must dec reas e. 

"TcThrmgTKe torque bacE to its original value, the armature current 
must be increased. To increase the armature current, the armature 
induced emf must increase. Since the flux is constant, the increase 
m the induced emf may be obtained only by this flux cutting the rotor 




328 


ALTERNATING CURRENTS 

conductors at a greater rate^^^^^or a given value of tqi'que, th firpfgye , 
the slip miifitj ncreahe when ^res5tancrfe1t^ jy^ J<^XJgkcuit. 

The effect of introducing resistance into the rotor circuit is illus¬ 
trated in Fig. 278, in which the torque for a typical motor is given as a 
function of percentage of synchronous speed, as w ell as slip, the abscissas 
for slip being read from right to left. The number on the curves gives 
the rotor circuit resistance in percentage of value to give rated-load 



Per Cent Slip 


Torque- Current -- 

Numbers eive rotor-circuit resistance in per cent of 
value to sive rated>load torque at standstill. 

Fig. 278—Speed-torque and sliii-toHiue c hai actcri&tir s of tvineal wound-rotor induc¬ 
tion motor {Gineiul El(ctr%c Co ) 

torque at standstill. Withjuurve th ere i s no exte rnal resistance in 

the x otojudreuit;_Curve j shows the e fiect of introducJ.ngJU) per cent 

resistance jptoJhej;otor^rcmt. The values of slip for^ ^en torque 
^re now ^reater^^nd maximum Torque occurs nppr7ivinoQf^iy 50 

Curve c shows the effect of introducing 20 per cent resistance. 
With this particular type of motor, 20 per cent resistance produces 
maximum torque at starting; with 40 per cent resistance, 205 percent 
rated-load torque is obtained at starting; with 100 per cent resistance, 
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rated-load torque is obtained at starting, \ jhe maximum torque jg 
not affected by rotor resistance^ ^t^ with 40 per cent and ion p ^r 
resistance, maxtlYiUlii "T orque ’“occurs at values of sli p con^derably 
gfeater than TOO as the rotor resista nce is 

increa^7 j^^^^ niaximu m torque occur at incr ftflffid 

sTi£. ofInaxiraum torque js not affected by rotor resist ance 
but occurs aFgfeateFvfliies oFsIi^as the roto^r resistance is increased. 
By making theTesistanCe'TfTdf fheT^ circuit^uarto its reactanc^ 
at standstill {X 2 = 27r/L2), maximum torque can be made to occur at 
starting, curve c. 

As the rotor resistance is increasefl, the rotor runs at reduce d speedy 
but the reduced'^eed'lff ^btaiii e d a lrtlTF ’^pehse of e fficiency , fo^the 
pUAoHHes in tKcTolof are inci^ sed. 

It is evidenrOiarsp^ed control may be obt ained by thejnj^roduction 
of resistance In th^e rotor circuits This method of s^ed control is 
similar to the armature-resistance methodTof speed control in the 
direct-current motor (sec Vol. I, Chap. XIII). The lowering of the 
speed is accompanied by a material lowering of the efficiency and by 
poor speed regulation. The electrical efficiency of the rotor is equal 
to the ratio of actual speed to synchronous speed. For example, at 
25 per cent slip, the rotor efficiency is 75 per cent; that is, of the power 
transmitted across the air gap, 25 per cent is lost as heat in the rotor 
resistance. The remaining 75 per cent is converted into mechanical 
power, although this is not all available at the pulley because of rotor 
friction and core losses. 

Figure 278 also shows the cur rent as function s of speed and slip. 
Note that with no external resistance the starting currcnF is 470 per 
cent of its rated- or full-load value and the starting torque is 86 per 
cent rated-load value. With 40 per cent resistance, 205 per cent 
latejWoad torque is obtained with only 160 per cent rated current. 

- .^Th^trQti>iLwin(ling need i mt be necessai-ily of the same n umber of 
phases as the stator winding since the rotating fi eldfin which the rotor ^ 
r^f ^tps th(> s ajir^rrespecilve"6fj ^^ of phases on the sttatorJ 

The j number of poles for wFlclPthe is y.-nnnrl 

be the s ame as the niim ber (rfstator poles . The torque developed by 
the rotor depends on the relative position of the rotor phase b<8ts 
with respect to the stator phase belts. Hence, at times the starting 
torque may be abnormally low. However, if there is high resistance 
in the rotor circuit on starting, the reduction of torque usually is not 
serious. 

An adjustable resistance cannot be placed readily in the squirrel- 
(\‘ige rotor, so that 3-phase rotors requiring external resistance usually 
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are wound either 2-phase or 3-phase. The 2-phase windings may be 
connected either star or mesh, and the S-phase windings may be con¬ 
nected either Y or delta. Such rotor windings are in every way similar 
to stator windings. ’ The three ends of the 3-phase windings are 
brought out to three slip rings, Figs. 279, 280. Brushes, bearing on 
each of these three rings connect to Y-connected external resistances, 
usually through a controller. The entire resistance of each phase is in 
circuit on starting. This causes the rotor current to be more nearly in 
space phase with the air-gap flux, so that a large torque is obtained 
with a moderate value of current. In addition to producing a very 
good starting torque, the starting current of the motor does not greatly 



exceed the full-load current. As the motor comes up to speed, the 
external resistance is cut out. The motor then operates on curve a. 
Fig. 278. 

Even without the controller, the wound-rotor type of motor is 
more expensive than the squirrel-cage motor, owing to the greater 
cost of winding and connecting the rotor coils. The controller and 
resistors add further to the cost. In the running position, this type 
of motor has a greater slip than the ordinary squirrel-cage motor, 
because it is not possible to secure the very low resistance obtainable 
with the squirrel-cage winding. As has been pointed out, such exter¬ 
nal resistance may be used to obtain speed control at reduced efficiency 
and with poor speed regulation. Hence, this type of motor has better 




oorer ru 




squirrel-cage motor. 
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Wound-rotor induction m otors are used where considerable ste^tin" 
torque is required, and frequently where speed adjustment is desired. 
Common applications of this type oi motoi: are in cranes, elevators, 
pumps, hoists, railways, calenders, etc. 

Wound-rotor induction motors are also used for the electric pro¬ 
pulsion of battleships. The motors are connected directly to the 
propeller shafts. Two synchronous speeds are obtained by changing 
the number of poles. Intermediate speeds are obtained by changing 
the frequency of the generator. 



Fig. 280.—Three-phase wound rotor foi hydraulic-dredge service. {General Electric Co,) 

192. Double-squirrel-cage Rotors.—The simple squirrel-cage 
induction motor is rugged and has excellent running characteristics; 
on the other hand, it has poor starting characteristics, devdopirgir low 
torq ue and at th e same time taking a large current. The wonnd-^-f>f.r>r 
i nduction motor (Sec. 11)1) l iTis large starting and good running charac¬ 
t eristics, hut thie add ed ems t ot the controHer and Eternal resistor- 
together \\^i the faef fhat tEe resistance must he eut out as the motOT 
accelerates, m ake s this type im p racti ca ble in many applicative. 

From the early development of the induction m^or7"efforts have^ 
been made to combine the characteristics of the squirrel-cage ftnd 
wound-rotor types in a single motor. For example, high-resi.stJh ee 
r otors have been used with mo tors for intermittent hoist duty to 
Tne rease th e starting torque, Fig. 285 ~(class~T5, p. 337); b ut natural ly 
under running conditions t he slip is large, and with continuous duty 
the rotor winding overheats. Also, a tt empts have been made to cu t 
out resistance within the rotor by centrifugal action as the motor 
comes up to speed, but the complications involved are objectionable. 
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There are many types of load, such as compressors, where a squirrel- 
cage-motor drive is ideal but which require a greater starting torque 
than is provided by the normal squirrel-cage motor. 

\_Jficreasing the resistance of the rotor gives h ^er val ixea of t o rqu e 
at hTgh^ va trr es o £ sli p-or inwerfvalues of speed. Fig. 278,. hulLMth 
Tiigh rotor resistance the running efficiency is loww ^y using two wind- 
in^ or cages in the rotbr^ one of hi^ resistance located at the top^ 
The slots and one of low resistance embedded deeply in the^slpts^ both 
higlPstarting torque and efficient running characteristics may be 
obtained in the same motor. 

A~^plcal slot is shown in Fig. 281(a). The slot is deep, with an 
intermediate contracted section. The high-resistance winding, which 
may be of high-resistivity material such as brass, is placed near the 
top of the slot so t hat relatively little leakage flux per ampere linksjt 
and its self-inductance is small. The low^e^istance winding is 



(a) (6) 

1IG 281.—T>pes of slot foi double-squiiiel-t age windings 


in the-bottom of the f4ot- The permeance of the paths of the leakage 
flux, lb higb^particularly the path across the’”contracted section of Hie 
slot, so that the leakage flux per ampere linking the deeply embedded 
conductors is relatively large and hence the inductance is also l^-r^ 
(also see class C, Fig. 285). 

In Fig. 281(6) is shown another method of accomplishing the same 
result, using a rectangular slot. A magnetic bridge of iron laminations 
is placed between the upper and lower bars, thus making the self- 
jnj^ctance of tlie lowerlbar"much”greater thanjhaj^of thelipp cr ba r. 
JThe upper Jpar may be of either copper or resistor material, depend¬ 
ing on whether a lessened operating slip or an increased starting torque 
is desired. 

JJn staring, th0jQtQiufrequeney-4& that of the line. Thi&jnakes 
the reactance of the lower portion of the slot much higher than 

Pi>p?r portion. Hence the greater portion of the current 
through the resistance, uf the toplSars, This produces 

high 8tarting_^t Qrque ^ ^ Jbh© jotqr approaches synchronism, the rotor 
Trequencies become low and the division of current between the two 
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bars is determined almost entirely by their resistances. Hence the 


greater pro portion oi t ne cu r rent now nows in the low-resistance Lower 
bars, and small slip results^ During acceleration, the current divides 


inj g.rving, 3iir^es1between the two windings, the adjustment being 
W prop er design the division, is ^uch t hat a^laiy e 
torque is ,ala^a.deYjd^^ 

193. Starti n g Squirrel-cage Motors, a. Across-ihe-Une Starting .— 
A squirrel-cage winding has such low resistance that at standstill it 
corresponds to the short-circuited secondary of a transformer. There¬ 
fore, if the motor is connected directly across the line, the no-load 
current is large, and with large inotors the resulting disturbance to 
the line voltage may be greater than is permissible. Induction motors 
of class A, taking normal starting current (see Sec. 194) up to 7.5 



(a) starting (b) Running 

Fiu. 282.— The Y-delta method of starting induction motor. 


hp, usually may be connected directly across the line without undue 
disturbance to the line voltage, although on starting they may take 
momentarily as much as six or seven times rated-load current. Fig. 
285(a). By some modifications in the design of conventional motors, 
such as the use of a double squirrel cage (Sec. 192) or high reactance 
(Sec. 194), motors of much higher ratings than 7.5 hp can be connected 
directly across the line. Also, in many instances general-purpose 
motors of higher ratings than 7.5 hp may be connected directly across 
the line if conditions warrant. For example, with some power mains, 
the temporary drop in voltage may not be objectionable, or the mains 
may have such high power capacity that the voltage disturbance on 
connecting the motor may be negligible. 

The connections for the wound-rotor induction motor. Fig. 279, arfe 
standard for across-thc-Une starting of sciuirrel-cage motors the 
terminals F are short-circuited. 

6 . Y-delta Method .—As the squirrel-cage motor at starting is 
equivalent to a short-circuited transformer, it is necessary to reduce 
the starting current in the larger sizes. One simple method, Fig. 282, 
is to use a delta-connected motor. By means of a triple-pole double- 
throw (T.P. D.T.) switch, the windings are first connected in Y across 








334 


ALTERNATING CURRENTS 


the line, thus applying only l/\/3, or 58, per cent of the normal volt¬ 
age to each coil. This makes the line current one-third the value that 
it would have if the motor were directly across the line. When the 
motor has attained sufficient speed, the switch is thrown over, con- 
nectimg the motor in delta across the line. Another similar method, 
where a motor has two windings, is to connect the windings in series 
on starting and in parallel when running. With this method the line 
current on starting is one-fourth the value that it would have if the 



Fig. 283.—Autostarter for squinel-eago induction motor. {General Electric Co.) 

motor were connected directly across the line with the windings in 
parallel. 

The objection to these methods is the lack of flexibility, 
c. Autostarter .—When ^‘across the line’’ starting is not permissible, 
a common method of starting the stiuirrel-cage motor is to use an 
autostarter, or starting compensator, similar to those shown in Figs. 
283 and 284. In the General Electric compensator. Fig. 283, the three 
coils of a 3-phase autotransformer are connected in Y. When the 
switch is in the starting position, the compensator is connected across 
the line with only the line fuses for protection. Under these con¬ 
ditions, the three motor lines are connected to three taps, one in each 
phase of the autotransformer. Hence, the motoi* voltage is reduced, 
usually to about one-half its rated value. When the switch is in the 
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running position, the compensator is entirely disconnected from the 
line, and the motor is connected directly across the line through 
the running fuses. The overload relay consists of two bimetallic 
strips which close contacts in series with the no-voltage coil. The 
two strips are acted upon by the heat developed in two resistors, 
one in series with each of the two line wires. If the motor is over¬ 
loaded for any sustained period, the heat developed in the resistors 
causes the bimetallic strips to open their contacts, thus de-energizing 
the undervoltage coil and causing the circuit to be opened. It should 
be remembered that a compensator supplying a motor with half volt¬ 
age reduces the line current to one-fourth its normal value. The 
motor being at half voltage takes one-half the current that it would 
take if directly across the line. As this current is supplied by the 
secondary of a iwo-to-one transformer, the line current is but half the 




Fig. 284.—V-connocted starting compensator. 


motor current and is, therefore, one-fourth the current that would be 
taken with the motor directly across the line. 

It is not necessary to use a 3-coil autotransformer. In the West- 
inghouse starting compensator, two coils are mounted on the two 
outer legs of a transformer core. Fig. 283(a), similar to the core used 
for 3-phase core-type transformers (see Fig. 240, p. 283). On starting, 
these two coils are connected in V across thu line, two motor terminals 
are connected to the taps a and 6, and the third motor terminal is 
connected to the line c. The motor is thus supplied at a reduced 
3-phase voltage. When the starting handle is moved to the running 
position, the two motor taps are connected directly to their correspond*, 
ing lines. Fig. 284(6), and, at the same time, the compensator is entirely 
disconnected from the line. One advantage of this type of starter is 
that it can be used readily on 2-phase as well as on 3-phase circuits. 

Practically all starting compensators have an undervoltage release, 
as indicated in Fig. 283. When the line voltage decreases to a low 
value, a solenoid plunger drops, releasing the starting handle, which 
springs back to the ^^offposition. 
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With autostarters the ratio of both line current and starting torque 
to full-line voltage values varies as the square of the voltage tap. For 
example, with 0.60 taps the line current and starting torque are both 
0.36 their values with full-line voltage. 

d. Series Resistors and Reactors .—Series resistors are also used for 
starting squirrel-cage motors. Their advantages are their lesser cost 
and the fact that smooth acceleration may be obtained by short cir¬ 
cuiting taps successively so that the motor (nrcuit is not opened. 

Also, reactors are connected in series with the motor, but to a lesser 
extent. However, it is not practicable to short-circuit taps of windings 
when they are wound on the same core, so that it is usually necessary 
to open the circuit in going from one tap to another. 

With both scries resistors and reactors, the torque varies as the 
square of the voltage across the motor, but the line current and motor 
current are directly proportional to the voltage across the motor, 
whereas, with autotransformers, the line current varies as the square 
of the voltage across the motor. 


194. Motor Classification. —In th(‘ Xational Electrical Code and th(* National 
Electrical Manufacturers Association (NEMA) standards, motors are classified 
by letter according to the ratio of their starting to rated-load current. (See 
Appendix Tj, p, 61G. While the table gives the locked rotor kva input per horse¬ 
power output, the values are the same as the ratio of starting current to rat(‘d cur¬ 
rent for 3-phase motors if (dliciency of 0.85 and power factor of 0.88 ar(» assumed. *) 
There are six classes, designated by lett(‘rs A, B, (', 1), 10, F. Such letters should 
appe.ar on the name plate of the more recent motors. By means of this lett(*r, it is 
possible to determine the correct ratings of circ\ut breaktTs, fuses, and other motor- 
protective devices. In Fig. 285 are shown the general slot designs and the accom¬ 
panying speed-torque characteristics for classes A, B, C\ D, as well as for a wound- 
rotor type. Note that all the rotor slots, except those for the wound rotor, are 
totally closed. In class B, high r(*actance and low starting current are obtained 
by using totally enclo.sed, deep, narrow slots. In class (\ low starting current and 
high starting torque ar(* obtaiiu'd by means of th(‘ dow6/c-s(juirrel-cag(‘ rotor (Sec. 
102). In class D, low starting current and high starting torque are obtained by 
the use of a high-resistance rotor winding. It is to be noted that this motor is 
adapted only to intermittiuit starting and stopping and not to constant-speed driv(' 
since its slip is too high and its efficiency too low. The wound rotor is explained in 
Sec. 101. Class E is for low starting torque, normal starting current, and class F 
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Fig. 285.—Rotors of classified motors. 
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is for low starting torque, low starting current, both being squirrel-cage rotors. 
In both classes the slip at rated load is low. The class E motor ordinarily requires a 
starter, and class F has high internal reactance. 

195. Induction-motor Air Gap. —The air gaps of d-c generators and motors and 
of alternators are much greater than is necessary for mechanical clearance. This 
is due to the fact that with too short an air gap the effect of armature reaction 
becomes too great, that is, the field is relatively weak as compared with the arma¬ 
ture. On the other hand, the air gap of the induction motor is made just as short 
as mechanical clearance will permit. The counter emf of the stator varies only a 
few per cent from no load to full load. This counter emf is induced by the air- 
gap flux cutting the stator conductors and corresponds to the emf induced in the 
armature of an alternator [see Eq. (144), p. 178]. 

As the speed of the rotating field is constant, the flux in the gap must be sub¬ 
stantially constant from no load to full load. In a given motor the magnetizing 
current is, therefore, practically constant at all loads. If the length of the air gap 
is increased, the reluctance of the magnetic; circuit is increased. As the counter 
emf changes but slightly, the flux also changes but slightly. With a fixed flux, 
greater air-gap reluctance will necessitate a greater magnetizing current. This 
increased magnetizing current lowers the power factor (see Fig. 276, p. 323). 

Large slot openings increase the reluctance of the air gap and so lower the 
power factor. Therefore, from the standpoint of the magn(»tizing current, it is 
desirable to use semiclosed slots, open slots with magnetic; wedges, or evcm totally 
closed slots. The disadvantage of closing the slot is that both stator and rotor 
inductances increase and the breakdown and starting torques are reduced [see 
Eq. (193), p. 325]. The increase of indu(;tance also tends to lower the powcT 
factor. 

The small mechanical clearance between the rotor and the stator makes it 
necessary to have a hcavic'r shaft and heavier and stiff ct bcMirings in the; induction 
motor tj;k«n are required in other types of rotating machinery of the same spe(;d and 
size.y/ 

Equivalent Circuit of Induction Motor. —At standstill the polyphase 
induction motor is actually a static transformer, and the vector diagram of the 
transformer. Fig. 216 (p. 252), is directly applicable. Since the frequency of the 
polyphase currents in the rotor is the same as in the stator, these currents produce 
a rotating field whose rotational speed is synchronous and whose direction of rota¬ 
tion is the same as that of the stator field. The reaction of the rotor on the stator 
must be due entirely to this rotor rotating field, whicli reacts on the stator with 
stator frequency. For example, in a 4-pole 6()-cycle motor, the rotor produces at 
standstill a field that rotates at 30 rps, so that each stator condu(;tor is cut by 
60 iST- and 60 S-poles per second and the rotor reaction on the stator conductors is 
therefore at a frequency of 60 cycles. Now let the motor operate at 50 per cent 
slip. The frequency of the rotor currents is now half that of the stator currents 


[Eq. (191), p. 314]. Therefore the rotating field which the rotor currents produce 
rfivolv-fifl with repp ect to the rotor itself at only halfsvnchronous speed, bii ^be 
dir gc*^^i^^^ of ro tation of this fie l d is the same as that of the revolving rotor. That is. 
this rotating field is being carried me chanically in the direction of rotation at half 
Tsynchrohous^lip^d. "T^n s ^ue ntly^ wh^ji i ts rotational s^ed aboi^the rotor is 
e mechanical^eed of the rotor itself, the effect is a reaction on 


the stator at the stator frequency of 60 cycles . By taking other values of slip, 
'iTiSarrbB'ghdwn that anylo^ in speed of rotation of the rotor field with respect to 
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the rotor because of the lower slip frequencies always is compensated exactly ny the 
corresponding increase in rotor speed. That is, t^speed of the rotor is alw ays 
of such val ue as to make the resultant speed of the rotor ^eld synchronona with 
respect to the s€aTbr7 Hence, from the point of view of the stator, the induction 
motor still can be ^flsidered as a static transformer even when its armature is 
rotating, and it is possible to represent Ihe performance of the induction motor by a 
transformer vector diagram, fActuall y^ the rotor field doe s not exist alone but, 
Qpmbines with the rotatin g field of the stator to produce a resultant field, just as 
in theTransformerjbhe secondary ampere~tur^ combine with the nrimarv ampere^ 
turns to produc e the resultant, or mutual, 

jji th e transfor mer the load on the secondary is electrical, whereas in the indue - 
tion motor the load is mechanical. However, m an emib ^aleTit electgf;. o^icnit of 
^he induction moti^TTiiifl morham ral load ean be roplaoed by a pure resi stance.^ 
It can be shown (p. '‘^^1) that the resistance which replaces the mechanical load is 

R = Ri ( 194 ) 

where Rt is ihe rotor resistance and s is the slip (see Sec. 197). 

If the induction motor is considered on the basis of a one-to-one ratio of stator 
to rotor turns, its operation can be represented by the equivalent circuit shown in 
Fig. 286, where one phase to neutral is shown. 

The voltage to neutral is F'; Ri and X\ are the stator resistance and reactance; 
U 2 is the rotor resistan(‘e and .V 2 is the rotor r(‘actance at standstill; Go and Bq are 



the no-load conductance and susceptance with the rotor being driven at synchro¬ 
nous speed so that the friction and windage losses are not supplied through the 
stator. At no-load the voltage drop in Ri and Xi, which is small, is neglected. 
F'*6ro gives the iio-Toadlosse s (exc epf TfictTorr and"N^iidagc); V o~giv(^ Ihe mag- 
iaetizmg cuiTenTyT^^Go — n ^oad current 1 0 . The power at no-load 

Pq ss F'*Go so that Go = PolV'^. If the no-load power factor is cos do, 

„ 7o sin do 

^0 = - y -, - 

El is the emf induced in the stator by the rotating field, or the counter emf. It is 
equal to the impressed voltage minus the stator-impedance drop. E 2 is the 
emf induced in the rotor if it be assumed that the mechanical load is replaced by a 
resistance as in the diagram. With the ratio of rotor to stator turns on a one-to- 
one basis, as assumed in the equivalent circuit, E 2 = 1 as in a transformer. 

^ Space docs not permit the development of some of these relations. They 
may be found, however, in R. R. La whence, “Principles of Alternating-current 
Machinery,3d ed., pp. 447, 536 et 9 eq, 
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With load, the core loss is E\Gq and the magnetizing current is EiBq, The 
friction and windage loss may be included in the iron losses, without much 

error (see Secs. 197 and 198). Also, the no-load power with the motor running 
light may be measured, the friction and windage determined separately, and then 
subtracted from the no-load power as in the following example. 

The mechanical power developed by the rotor is given by 1\R^ and the power 
at the pulley is equal to I'iR less the friction and windage of the rotor. The rotor 
copper loss is given by I\R 2 ^ The total power transferred across the air gap 
using (194), therefore, is 

Pi = T\Ri + I\R 

= yi(7.>.4A‘/-;-*)=/!f- (195) 

The emf induced in the stator Ei = {R + Ri)"^ + X]. 

The terminal voltage V' is the victor sum of Ei and the primary iiniicdance drop 

h Vri + XI 

In most cases, however, it is sufficiently accurate to employ the approximate 
equivalent circuit, Fig. 288 (p. 344), in which the shunt circuit is outside the stator 
impedance. 

Example .—A no-load and a blocked test are made on a 220-volt, 25~cycle, 
7.5-hp 750-rpm S-phase wound-rotor induction motor. The transformation ratio 
of stator to rotor is 3.32. (Computations are based on the stator and rotor being 
Y-cormected (Sec. 136, p. 215). 

From the following no-load and blocked data, determine for a slip of 0.06 
(a) motor output; (b) speed; (c) torque; (d) efficiency; (0 current; (/) power factor. 

The data arc as follows: 

(1) No-load: volts, 220; amperes, 9.63; watts, 390; friction and windage, 150 
watts. 

(2) Blocked test: volts, 38.2; amperes, 22.7; watts, 1,080. 

(3) Average d-c resistance between terminals of stator, 0.375 ohm, or 0.1875 
ohm per phase. 

(4) Average d-c resistance between terminals of rotor, 0.0726 ohm. 

(5) Rotor resistance per phase referred to stator = (3.32)^(0.0726/2) = 0.40 
ohm. 

(6) From (1), watts core loss per phase (neglecting loss in stator due to 
9.63 amp) = (390 — 150)/3 = 80 watts; 

390 

energy current , - = 1.02 amp; 

(\/3 • 220) * ’ 

quadrature current 7, = (9.63)* — (1.02)® = 9.58 amp; core-loss current, 

l', “ 240/(\/3 • 220) = 0.630 amp; no-load current with iron only, 

7o = \/(9.58)® + (0.630)® = 9.6 amp; 

cos 9o - 240/(220 Vs • 9.6) = 0.0655; 9o =■ 86.2°. 

Voltage to neutral: V' = 220/\/3 = 127 volts; V'®Go ■= 80 watts; 

80 

Go = - ^^ 27 )i ~ 0.00496 mho; 


r. - 9.6/127 - 0.0755 mho; B. «= \/Yl - G* = 0.0764 mho. 
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(7) From (2), since the mechanical power and hence — 0, Fig. 288, 

(22.7)*(iJi + Ri) - ; Ri + Ri~ 0.70 ohm. 

(8) Effective resistance Ri of stator [from (3), (5), (7)] 


0.18?f+"o^O-7^ 


With low values of slip, the direct-current resistance of rotor (0.40 ohm) is 
much nearer the operating value than the 60-cycle effective value, because of the 
low rotor frequency. Hence, R 2 — 0.40 ohm, Fig. 288. 

(9) From (2), 


Zb -— = 0.972 ohm, 

Vs • 22.7 

Xi + Xs = \/(0.972)» - (0.70)* = 0.675 ohm, 

R = 0.40 - = 6.26 ohms [Eq. (194)], 

_ _127_127 

* V'(0.22y + 6.26 + 0.40)* + (O.fiT^ 6.91 


18.4 amp. 


(а) Motor output = [3 • (18 4)^ • 6.26] — 150 = 6,210 watts 

(б) Speed — 750(1 — 0.06) = 705 rpm. Ans. 


, , ^ 8 33 • 33,000 . 

(c) Torque = —— = 62.1 Ib-ft. Ans. 


8.33 hp. 


{d) Total resistance loss = (18.4)^ (0.223 -f- 0.40)3 = 633 watts. 
From (1), (a), and (d), 


Efficiency = 


6,210 

6,210 + 633 4- 240 + 150 


0.859. Ans. 


(e) Total current 


Ans, 


U = 127((7(, - j7?o) == 127(0.00496 - ^0.0754) = 0.63 
|/o| = V'oT^* + sTSS* = 9.58 amp. 


T = 

6^.88+^0.675 


18.3 — yi.8 amp. 


17,1 = VlS.a* + 1.8* = 18.4 amp. 

/ = /o + /a = 18.93 — yil.38 amp. An^. 

|7| = Vflros* + ll.M* = 22.1 amp. Ans. 

(/) P.F. - ^ = 0.857. Ans. 


— y9.58 amp. 


197. Induction-motor Vector Diagram. —On the basis of thh 
ociuivalent circuit of Fig. 286, the equivalent vector diagram o| the 
induction motor may be developed as in Fig. 287. With the exception 
of replacing an electrical by a mechanical load, the diagram is similar 
to that of the transformer. Fig. 216 (p. 252). However^ becauae of 
the air gap , the magnetizing current Im in the induction motor is nmcl\_ 
Jj^rgpr prr>pnrtionfl,tfefy^ 

The actual secondary current is given by I 2 . Although the 
absolute frequency of 72 is slip frequency, it reacts on the stator at 
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stator frequency at all values of slip (Sec. 196). I 2 R 2 and I 2 SX 2 are 
the actual voltage drops in the rotor, and their vector sum = SE 2 is 
the actual induced emf in the rotor. The space angle of lag a of the 
rotor current with respect to E^ (Sec. 186, p. 315) becomes also a time 
angle of lag. 

From the small impedance triangle. Fig. 287, the rotor current is 
given by 



That is, if the induction motor is analyzed on the transformer basis, 
the secondary emf is F/ 2 , the total equivalent resistance of the rotor is 
/? 2 A, and the equivalent rotor reactance is ^" 2 . E 2 is the (^mf induced 
in the rotor, and X 2 is the rotor reactance, both at stand still. 


h 



The total power P 2 across the air gap must ]>e /|(/? 2 /«). Of this 
power, IIP 2 must be dissipated as heat in the rotor winding. Hence, 
the mechanical power developed 



Thus the mechanical power developed can be replaced by a resist¬ 
ance R = R 2 O — s)/s. The power at the pulley is equal to 
minus the rotor friction and windage losses. Thus in drawing the 
vector diagram there is a voltage drop I 2 R = hRz [(1 — s)/s] in 
phase with I 2 [see Eq. (194), p. 339]. Therefore the total rotor resist¬ 
ance drop must be I 2 R 2 /S, If the rotor reactance drop at standstill, 
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/ 2 X 2 , be added vectorially to the rotor induced emf ^2 at stand¬ 

still is obtained. As in the transformer this also must be equal to the 
stator induced emf j&i, since the same flux rotating in the gap cuts 
both stator and rotor conductors alike. The difference — s) 
between the emf E 2 and the actual emf SE 2 induced in th"' rotor due to 
slip is the speed emf that would be induced in the rotor b\ its cutting 
the air-gap flux at actual rotor speed. Although under running condi¬ 
tions this emf is fictitious, it is necessarily considered in the operation 
of replacing the mechanical load by an electrical one. The electrical 
effect of the rotor on the stator is the same as if the rotor were station¬ 
ary (mechanical load = zero), the resistance R were connected to 
the rotor winding, and the total rotor induced emf E 2 di i exist. 

The air-gap flux ^ leads the induced emfs E^ and E 2 by 90® (see 
Fig. 184(d), p. 205); the line must supply a component of voltage —Ei to 
balance the counter emf Ei induced in the stator; the magnetizing 
current 7m( = E\Bfi) is in time phase Avith <t>) the component 

/,+,(=: E^G,) 

in phase with ^Ei supplies the no-load core losses; the total no-load 
c’urrent with the rotor operating synchronously is /o. (Freciuently 
the friction and windage losses are included in As in the trans¬ 

former, there must be a component current 1[ in the stator to balance 
the rotor component 1 2 (see p. 219); the total primary current is the 
vector sum of /i(= and /o. The primary terminal voltage F' 

is found by adding vectorially to — the primary resistance drop 
I\R\ and the primary leakage-reactance drop hXi. ''fhe motor power 
factor is cos 0, where 6 is the angle between V' and Ii. (The time vec¬ 
tors 7i, E 2 j I 2 J Fig. 287, should be compared w ith the corresponding 
space vectors in Fig. 271, p. 319 ) 

If Go and Bo are determined by open-circuit tests and iii, i? 2 , 
Xi, X 2 y by short-circuit tests, it is possible uo compute the performance 
of the induction motor by means of this equivalent-circuit diagram. 
A value of slip must be assumed. The constants of the entire network 
are then known, since the entire secondary resistance Ra = R 2 /S is 
determined. 1 2 being known, the mechanical power output I\R (per 
phase) is computed readily. A method of determining these com ants 
is given in Secs. 196 and 198. For most practical purposes the 
approximate equivalent circuit, Fig. 288, in which the shunt circuit is 
connected outside the stator impedance, can be used and the calcula¬ 
tions much simplified. This approximate circuit is used in determining 
the circle diagram. 

198. Circle Diagram. —Although it is possible to compute the 
operating characteristics of an induction motor by means of the 
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equivalent circuits of Figs. 286 and 288, it is simpler and more con¬ 
venient to use a circle diagram. In Fig. 288 the shunt circuit is con¬ 
nected outside the stator impedance, and the shunt current /o does not 

flow in the stator impedance. 
Except in the smaller motors this 
introduces a practically negligible 
error. 

In a series circuit it is known 
that if the reactance remains con¬ 
stant and the resistance varies (see 
Prob. 127, p. 032),^ the locus of the 
current vector is a circle. Hence, if 
the energy-current and the quadra¬ 
ture-current vectors are plotted, one as a function of the other, their 
vector sum always being the total current, the locus of their resultant 
is a circle. In the circuit of Fig. 288, the current 7o to the shunt (cir¬ 
cuit is constant; in the circuit to the right, the reactances X\ and X 2 
and the resistances Ri and R 2 arc all substantially constant, but R 
varies with the load. Hence the locus of the current vector I 2 is a 



circle. Since the total current I to the motor is the sum of this variable 
current 1 2 and the constant current Jo, the locus of I is also a circle. 
Thus, in Fig. 289, with changes of load, the locus of the motor current 
I (point E) is the circular arc PEIIK, This diagram is approximate 
in that it neglects the impedance drop and the copper loss in the stator 
due to the magnetizing and core-loss currents. 

The voltage vector V' is taken along the F-axis. Data for the 
construction of this diagram are obtained from an open-circuit and a 
short-circuit (or blocked) test, as is done with the alternator and the 
transformer [see (1) and (2) in example, p. 340]. Using the data 

^ In this problem, the reactance is capacitive. 



Fig. 288 .—Approximate equivalent cir¬ 
cuit of induction motor. 
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obtained from these two tests, the operation of the motor may be 
determined with a fairly good degree of accuracy by the use of such a 
circle diagram. 

The motor is first run at rated voltage without load, and the line 
voltage V, the line current /o, and the total watts Po are measured. 
The no-load power-factor angle can then be determined 

p 

(cos do = —— for a 3-phase motor). 

Vs Vh 

The voltage per phase F' is laid off vertically, Fig. 289, and the no-load 
current lo (per phase) is laid off at* an angle Bo from F' and lagging. 
The rotor is then blocked. In order that the current may be kept 
within reasonable limits, the supply voltage per phase is reduced to 
voltage v', which should be of such value as to give a short-circuit cur¬ 
rent approximately equal to the rated current. The phase current 
the total power P', and the phase voltage v' are measured under 
these conditions. Let F' be the rated phase voltage of the machine. 
F' = F for a delta-connected motor, and F' == F/\/3 for a Y-con- 
nected motor. 

The measured current is increased in the ratio of the rated motor 
voltage F' (per phase) to the reduced voltage v\ This gives Is == OH, 
the current per phase that would exist w(ue the rated line voltage F' 
impressed across the motor when blocked. This current lags F' by an 
angle Bb. 

n P' 
cos Bb = -jT-ff 
nlgV 



where n is the number of phases. 

OL is drawn making an angle of 90° with OF' in a clockwise direc¬ 
tion. Ib = OH is laid off, making an angle Bb vvith OF'. Points 
P and H on the circle are determined therefore. 

Line PH is drawn. PK is drawn parallel to OL. It is not neces¬ 
sary to know point K in order to construct the diagram. 

With PK as a diameter, a semicircle is drawn through points P and 
H. The center M of this semicircle is found by erecting a perpemdeu- 
lar M'ilf at the center of PH. The intersection of M'M with PK 
gives the center M of the circle. With M as a center and MP as a 
radius, the semicircle PEHK is drawn. PK is the diameter of the 
semicircle, and its length in amperes is PK = F'/(Xi + X 2 ), w^here F' 
is the phase voltage and X\ and X 2 are the stator and rotor reactances 
per phase, referred to the stator. 
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A perpendicular HJ is then dropped from H to OL. The line HF 
then is divided by G into two segments, such that HG/GF = IlR^/IiRu 
that is, in proportion to the secondary and primary resistances as a 
one-to-one ratio of rotor to stator turns is assumed. Line PG is then 
drawn. 

With a wound rotor the line HF is divided directly into two seg¬ 
ments such that HG/GF = R^/Ri^ The total stator and rotor resist¬ 
ance losses are represented by HF, which is determined under blocked 
conditions with full stator frequency in the rotor. Under operating 
conditions the rotor operates at slip frequency, which is low. Hence 
the effective resistance of the rotor is essentially equal to the ohmic 
resistance, which is much less than the value obtained under blocked 
conditions. Thus distance HG is too large. 

It must be remembered that R 2 is the resistance of the rotor referred 
to the stator. If R^ the actual rotor resistance, then i ?2 as used in 
the circle diagram is R*^{ni/n^‘^, where ni and are the stator and rotor 
turns. 

With a squirrel-cage motor, the total distance HF is determined 
under blocked conditions, and GF is made equal to l%Ri, where Ri 
is the effective resistance of the stator, which may be 1.3 to 1.6 times 
the ohmic value. Point G is thus determined. 

At any load current I, the secondary current is / 2 (= PE)j being 
equal to I — lo vectorially. EA is the energy component of the cur¬ 
rent /, and the total power input per phase 


Pi = EA - F'. 


The core and friction losses 

Pc = BA • V' per phase. 

The primary copper loss = BC • V' per phase. 

The secondary copper loss IIR 2 = CD - F' per phase. 

The output P = DE • F' per phase. 

The efficiency = DE/AE, 

The torque T = CE (to scale). 

The slip s = CD/CE, 

The power factor = cos 6 = EA //. 

Draw P'G' parallel to PG and tangent to the circle at E\ 
Breakdown torque Tb = C'E' (to scale.) 

The diagram is drawn for but one phase of the motor. The values 
of power, losses, and torque must be multiplied by n if the motor has 
n phases. 
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The torque scale may be found as follows: 

The torque is equal to a constant times the power, divided by the 
speed, the value of the constant depending on the units adopted. The 
power output per phase is P = V • DE. The rotor speed 

= Nil - s), 

where N is the synchronous .speed in rpm. 

„ CD\ N{CE-rD) NDE 

” "V Ck) ‘ CE- - CE ■ <*> 

The torqiK' developed per phase, 


‘ N 2 (N • DE)/CE N 

where if is a eonstant. 

y' • CE ts the total power per phase delivered to the rotor. 
The total power delivered to the rotor by n phases, 


(ii) 


Pi = n • V • CE watts. 
The horsepower output 

n-DEV' 2irNiT 


Hp = 


746 


33,000 


where T is the total torque. But 


„ N ■ DE 

Nt = -^g- [from (I)]- 


Substituting in (III), 


n ■ DE • V _ 2t{N ■ DE)T 


746 


CE ■ 33,000 


T = 7.04^^^^’ll>-ft, 
K = 7.01 -w. 


(Ill) 


(IV) 


As the number of phases n, the voltage V, and the synchroiious 
speed N usually are fixed, the torque 


where 


T = K’CE, 
n- V' 


K' = 7.04 


AT 


(198) 
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199. Speed Control of Induction Motors. —The speed of the rotor 
of an induction motor is given by 

^2 = (1 — s) [Kqs. (188) and (190), pp. 313 and 314], 

where N 2 is the rotor speed in rpm, / the frequency of supply in cycles 
per second, P the number of poles, and s the slip. 

Thus, there are three factors—frequency, slip, and number of 
poles—that determine the speed of the induction motor. In order 
to change the speed, it is necessary to change at least one of these 
fadfers. 

^ Change of The slip may be changed by introducing resist- 

anceTiTthe rotor circuit. This has been discussed in connection with 
the wound-rotor type of motor. At a given slip, any value of torque 
up to the breakdown torque may be obtained by this method. Its 
disadvantages are lowered efficiency and poor speed regulation. 

These disadvantages may be avoided by introducing counter emfs 
instead of resistance in the rotor circuit, either at line frequency, which 
requires that the rotor have a commutator, or by means of an auxiliary 
commutating machine, which introduces counter emfs at rotor fre¬ 
quency through slip rings. The last method necessitates the use of a 
commutating type of machine that produces emfs at rotor, or slip, 
frequency. Therefore the auxiliary machine must be excited by the 
rotor currents themselves. The Sherbius^ method of speed control is 
the most common example of the counter-emf method. Since at 
least one and usually more auxiliary machines will be necessary, it is 
economical to use such apparatus only with motors of very large 
rating, such as motors for steel mills. At the present time, direct- 
current motors, because of their greater ease of speed control, are being 
used^r such purposes. 

^^yVhange of Frequenc^^Commercvdl power systems operate at 
constant frequency, and it is impossible to control the speed of induc¬ 
tion motors by change of frequency Avhen the motors take their power 
from such systems. In a few special instances, as in the electric 
propulsion of ships, 2 the motors are the only loads connected to the 
turboalternators. It is possi})le, therefore, to obtain speed control by 
changing the speed of the turbines themselves. Even here the range 
of speed variation is limited, because the efficiency of turbines decreases 
rapidly when their speed departs from that for which they are designed. 

^ For details of this and other similar systems see Standard Handbook,^' 
7th ed.. Sec. 7, Pars. 298 et seq. 

* Pender, Del Mar, “Electrical Engineers' Handbook," 3d ed., pp. 17-113. 
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ffkange of Poles ,—By means of a suitable switch, the stator con¬ 
nections may be changed in such a manner that the number of poles is 
changed. This changes the synchronous speed of the motov and, 
therefore, the speed of the rotor. If the number of poles be changed 
in the ratio of 3 to 2, the winding probably will be desigried for two- 
thirds pitch at the higher speed, thus making it a full-pitcii winding 
for the lower speed. 

Frequently, two different windings,^ wo\ind for a different number 
of poles, are used, one winding for the high speed and one for the low 
speed. Since one winding is always idle, only 50 per cent of the stator 
copper iT utilized at anv one time Wh^^ the sp eed ratio is 2 
the '^consequent-pole’^ method, in which l)()th stator windings are 
employed for each of the two values of speed, is frequently utilized 
(see Vol. I, Chap. VI, Consequent Poles). The method is indicated 



Fig. 290.- 



in Fig. 290. In («) are shown the connections for a one-half-pitch 
4-pole winding employetl for the higher speed. Alternate coils are 
connected to the same leads. When the directions of the instantane¬ 
ous values of currents are those indicated by the arrows, 4 poles, 
two N- and two iS-poles, are formed. -.By reversing tf»e relative direc¬ 
tions of the currents in ihe two windings, as indicated in (6), a full- 
pn^ hidf^oil winding is formed,l^roducing 8 poles, one-half of whicff, 
such as the iS-poles, are " consecjiient ” poles. The synchronous speed 
in (b) will be one-half that in (a). 

In th ese types of motor the best possible desig n \s^ r\nt imnolly 
obtainable at both speeds. That is, desirable characteristics, such 
~lugh pow er factor, are sa(;riiiced at one speed in order t,h|^.f. fv rpnann^Kiy 
goodTmofor may be obtained at the other speed. Sometimes the stctor 
connections are changed from delta to Y at the same time that the pole 
connections are changed. This changes the voltage per phase and 
makes possible a better motor at each speed. Because of the com- 
plications involved in changing t he connections,^ is not desirable to 
obtain more than two s peeds by hanging the number of poles. _ 

n^AWRENCte, R. R., ^‘Principles of Alternating-current Machinery,” 3d ed. 
pp. 514 et aeg. 
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In wound-rotor types of motors, it is necessary to change the rotor 
as well as the stator connections. Otherwise, negative torque will be 
developed by certain of the rotor conductor belts. 

^ Sveed Control by Concatenation , —This method requires - two motor s. 
^t least ^e of^v^chl nustlm\^^ wouad-XX^tor^. The spued is cha nged 
^y changing the slip of one mot or, which changes th e fr equency sup- 
^ied to tne other motor. The two roto r s are conn ect ed rigidly 
togethej . Fig. 291. Line fre quen cy is supp lie d to the stator of ^one- 
m otor, as No . 1. This first motor shou ld hav e a on e-to-o ne ratio of 
transtormation between s tator and rotor. That is, at standstill and 
with the external circuit of the rotor open, the voltage across the rotor 
slip rings sho uld h e equa l fo line voltage. Assu me th^^^^t ^^^ two mot ors 
are sirnilar ancTThat the rotors operate at slightly less than half the 
synchronous speed of the first motor. The rotor frequency of motor 1 


Line 



I<ja 291.— Iijcluftion inotois in r*oncatenation. 


is slightly greater than half line frequency, as the slip is slightly greater 
than 50 per cent [see Eq. (191), p. 314]. The synchronous speed of 
motor 2, therefore, is about half that of motor 1. The rotors so ad just 
...t ^ir speed that their combined torque ib iuht sufficien^to c arry ThT 
lo^ Each roto r operates a t a speed that is slightly le ss than hal f 
the synchronous speed of the first motor. It is not necessary that the 
two motors "hliveTirelsame nuniI)ef"oT'p(lles. The various speeds lor 
combinations in vhich the two motors have a different number of 
poles may be determined as follow^s: 

Let N be the speed of the combination, /i and J 2 the stator fre¬ 
quencies, Pi and P 2 the number of poles, and si and 32 the slips. The 
speed of the first rotor 


Ni = (1 - si) [p. 348J, 


The speed of the second rotor 


N, 


/s- 120 

Pi 


(1 - 52 ) 


si/i ■ 120 

Pi 


- 82). 
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As the two rotors are rigidly coupled, the speed Ni equals the 
speed Nz, and 




(199) 


from which 


Si 


P 1 +P 2 - PlS, 


PiSi is small in comparison with Pi + P 2 when the combination is 
operating near its synchronous speed and may be neglected. Then 


Si 


P2 

P 2 + Pi 


( 200 ) 


If the stator of the second motor is so connected that its rotor tends 
to turn in a direction opposite to that of tlu' rotor of the first motor, 
(199) becomes 


/i- 120 

Pi 


(1 - Si) = 


Si/i • 120 , 
P 2 ^ 


- S2). 


Again, the term Pist being neglected, the slip becomes 

P^ 

PV-Pi 


( 201 ) 


The set will not start if connected in concatenation with the 
rotors tending to turn in opposite directions. It must first be brought 
up to speed either by an au.xiliary motor or by one motor alone, before 
the second one is connected. 


Example .—As an example of the speeds obtainable with two motors having 
different numbers of jxiles, consider two 60«cyele motors, one having 4 and the 
other 20 poles. The following synchronous speeds are obtainable: 

4-pole motor alone: 1,800 rpm. 

20-pole motor alone: 360 rpm. 

When the 4-pole and 20-pole motors are in concatenation aiding, the slip of 
the first motor, from (200), is 

^ 20 ^ ^ 

*' 20 +4 24' 

The synchronous speed of the set is 

N = - si)l,800 = (>24)1,800 = 300 rpm. 

When the 4-pole and the 20-polc motors are in concatenation opposing, the 
slip of the first motor, from (201), is 


20 20 
“ 20 - 4 “ 16 
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The synchronous speed of the set is 

iV « (1 - si)l,800 - (-^4)1,800 = -450 rpm, 

or the set now rotates in the opposite direction. 

Four different synchronous speeds are obtainable with these two motors, 
1,800, 360, 300, -450 rpm. 

It is to be noted that the synchronous speed resulting from con¬ 
necting the motors in concatenation aiding is equal to that of a 24-pole 
motor, or a motor whose poles are equal in number to the sum of the 
poles of the two individual motors. When the two motors are con¬ 
nected opposing, the resulting synchronous speed is equal to that of a 
16-pole motor, or a motor whose poles are equal in number to the 
difference of the poles of the two individual motors. 

It will be recognized that the concatenation method of speed con¬ 
trol is similar lo the series-parallel method of speed control for direct- 
current motors (see Vol. I, Chap. XIII). In concatenation, at starting 
and for intermediate speeds, resistance is introduced in the rotor circuit 
of the second motor. When the motors are connected in parallel 
across the line, resistance is introduced in each rotor circuit and is 
gradually cut out. Because of its rather complic^ated connections, this 
sy^em of speed control is not common. It is used to some extent 
aj^ad in electric locomotives. 

^ 200. Induction Generator. —If an indiu j^ion motor be dr iven above 
synchronous speed, the slip becomes negative. The rotor co nductors 
then cut the flux of the rotating field in a direction opposite to tha t 
which occurs when tl ^ machine operates as a motor . The rotor cur- 
rents then arc fevers^ with respect to the direction that they had 
when the machine oi)erated as a motor. By transformer action these 
rotor currents induce currents in the stator that are substantially 
180° out of phase with the energy component of the stator current that 
existed when the machine operated as a motor. 

The inductiem motor, therefore, can be used as a generator, but it 
has certain limitations that the synchronous alternator does not 
possess. 

The transition from motor to generator action can be illustrated by 
a combined study of the circle diagram. Fig. 289, and the vector dia¬ 
gram, .Eig,-4287. In Fig. 292 is shown a portion of the circle diagram 
rotated 90° in a counterclockwise direction. NQ is the left-hand part 
of the circle EP, Fig. 289, with the circle extended below line OL in 
Fig. 289. The center of NQ is on PB extended as in Fig. 289. Points 
Oy Pf A, B correspond to those in Fig. 289. The exciting current 
/o (= OP) corresponds to Iq in Figs. 287 and 289. For simplicity, 
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the magnetizing current Im, Fig. 287, is omitted in Fig. 292. The total 
stator current as a motor Im is the vector sum of h and —1 2 , the reflec¬ 
tion in the stator of the rotor current 1 2 . 

As the speed of the rotor increases, -/a diminishes until at syn¬ 
chronous speed, when the current vector terminates at P, -~/2 = 0 
and the total stator current is 7o, the exciting current. 

The friction and win dage ar(^nnwLsupplic d mechanically, but the 
core loss is suppl ied from the Um. As the rotor is driven above 
synchronism, the locus of the stator current is still the arc NQ, When, 
with a slight increase in speed, the current vecdor terminates at P', 
the power factor is zero so that no power now is interchanged between 
the machine and the line but the machine is generatine- the power to 
supply its core losses. With further increase in speed, the current I 2 
increases in magnitude, and the generator current /g is the vector sum 
of Jo and /'». Note that the curient —hy the reflection in the stator of 
the rotor current, has practically reversed in phase. Also, —I 2 and 



Fig. 292.—Induetion-motoi and induetion-Keneiatoi action, 

1 2 are nearly in phase w ith iho terminal voltage «-nd Vg 1 espectively, 
so that they are practically cneigy currents. Thus, driving the rotor 
above synchronous speed causes the energy current in the rotor to 
reverse its phase, changing the machine from motor to generator. 

The magnitude and the phase of the air-gap flux alter b}^ only a 
slight amount during this transition, just as the flux of a shunt motor 
does not change in sign and changes in magnitude by only a small 
amount, if at all, when the machine passes from motor to generator 
action through the speeding up of its armatuie. Therefore, the excit¬ 
ing current 1^, Fig. 287, and OP', Fig. 292, wdiich produce the flux, 
remain substantially constant in both magnitude and phase. This is 
analogous to the d-c shunt motor, connected to constant-potential 
bus bars, the excitation of w'hich does not change when it is spe ied 
up and operates as a generator. 

In a d-c generator the terminal voltage and induced emf are in 
conjunction; in an a-c generator they are more or less in phase. Hence, 
in considering generator action the phase position of the motor terminal 
voltage Vm naust be reversed 180° to the right-hand direction, giving 
Vg as shown. As in the alternator. Fig. 180(6) (p. 201), the induced 
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emf El is the vector sum of loRi, and /oXi as shown. Ei in Fig. 292 
corresponds to Ei in Fig. 287. 

Note that the inductio n gene rator now^ is delivering a leading cu r¬ 
rent at a power factor cos da, 1 !!hisJ&, one jdisadvant age of the ind aic- 
tion generato r^ that it can deliver only lea ding^iirrcnt, vrhereas mos t 
cominercial loads require lagging current. As with the alternator, the 
induction generator must have a field. The alternator field consists 
of the rotating N- and /S-poles excdled with direct current. The 
induction-generator field consists of the rotating A- and /S-poles pro¬ 
duced by the polyphase stator currents (pp. 308 to 313), and thus it 
obtains all its excitation from the line in the same manner as the induc¬ 
tion motor, Iny Fig. 287, and OP', Fig. 292, being the magnetizing 
current for motor or generator. The induction generator cannot gen¬ 
erate its own exciting c.uri'cnt since H, Fig. 292, is essentially an energy 
current with no lagging component. This is analogous to an alterna¬ 
tor in parallel with other synchronous apparatus, but with no d-c 
field excitation. The alternator field then w^ould be produced entirely 
by armature reaction, the alternator thus obtaining all its excitation 
from the line as lagging current. Accordingly it would be delivering 
a leading current (p. 239). 

_^If, for example, a load requires a lagging current, it cannot be sup- 
_plied by the induction generator. This is illustrated by Fig. 293. A 
load requires a current I, lagging the terminal voltage V by a®. It is 
desired to supply as much as possible of this current by means of an 
induction generator and to allow a synchronous gemerator to supply 
the remainder. Resolve the load current /, Fig. 293(a), into tw o com¬ 
ponents, an energy component I,, and a lagging quadrature component 
Iq, By proper speed adjustment the induction generator can be made 
to supply the energy current It must, however, have a leading 
current 7o nearly equivalent to OP', Fig. 292. Iq, the resultant of h 
and Jo, is therefore the total induction-generator cTirrent at this load. 

The alternator must supply that part of the load current which the 
induction generator cannot supply. That is, the alternator must 
supply the difference betw een the load current and the induction-gen¬ 
erator current. To obtain the difference between two vectors, reverse 
one and add (Sec. 8, p. 14). As Iq is subtracted, it is reversed, and 
^e resulting alternator, or synchronous-generator, current is Is, 
\^ich is equal in^magnitude to the arithmetical sum of Jo and Iq. 
Note that the alternator in this case supplies no power. Its entire 
current is lagging quadrature current and is equal to the numerical 
sum of the magnetizing current of the induction generator and the 
lagging quadrature current of the load. 
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If the load were such as to require a leading current, the quadrature 
component of which was just equal to Iq, theoretically the induction 
generator could supply the entire load. Even then it would be neces¬ 
sary to have synchronous apparatus on the system to secure satis¬ 
factory operation. 

Th e machi ne dnp^pnt have a de finite speed for a given frequency , 
as the synchronous alternator has, but the speed^ith co n stant fre- 
quency varies wit h the lottd. The load is practically propor tinnal tn 
th6 Slip. Because its speed is not in synchronism with line freauenc 



and voltage of the induction generator are those of the line to which if 
conne cted, irrespective of its speed. 

V^Hie inability of the induction generator to deliver lagging current is 


the principal objection to its use. Considerable kva capacity in syn- 
chronous apparatus is required to supply the total quadrature curipnt. 
The distinct advantage of the induction generator lies in the f 


it does not hunt or drop out of synchronism; it is si mnie apd nigged. 
lind wheii short-circuited it delivers little or no sustained power, 
because its excitation quickly becomes zero. However, this type of 
generator is little used to supply commercial power because of the 
distinct superiority of the synchronous alternator. 


iFifSinMiTrKn 
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The induction ge nerator is verv iispfnl for hrnVmff nnrnosea in rfljl- 
^av work. If the induction motors be left connected aero 


on a downgrade, any tendency of the train to drive them aboy 


synchronism will be acco mpanied by generator action.. In addition 

" to braking th~tr ain, the generators pump energy b ack into thejme 
and so relieve the main generating station of some c^ts loac] tEt 


machine requires no complicated control apparatus when _used for 
regenerative Braking, such as is necesj^ry wiicn direct-current motors 
ope^^rfe under simflar "conditions. 

s^zui. Measurement of Slip.—There are various methods of measur¬ 
ing slip. The slip may be determined by measuring the rotor speed 
and subtracting this speed from that of tli(' rotating field as determined 
from the frequency. As the slip is but a small percentage of either the 
synchronous speed or the rotor speed and is the diffei*ence of two nearly 
equal quantities, it is not possible to determine it accurately by measur¬ 
ing these quantities and so finding their difference. 

A simple method of measuring sli]) is shown in Fig. 294. A ^Har- 
get,’’ or disk, is fastened to the end of the shaft of the motor. The 



disk has the same number of black 
and the same numlx'r of white 
sectors as the motor has poles and 
is illuminated by a neon glow 
lamp, which is connected across 
the leads to the motor. The lamp 
consists of two semicircular 
metallic disks, separated ])y about 


Fia. 291 stioboscopic method for inoas- neon gas at approximately 30 
unrig blip. - T i-u 

mm pressure ot mercur 3 ^ In the 
screw base is a high i*esistance R to stabilize the glow discharge. 
The light comes from the cathode. When connected across 110 volts 
alternating current the glow docs not begin until the voltage has 
reached about 50 volts, and the glow^ ceases at a voltage slightly lower 
than 50 volts. Hence, during certain intervals in each cycle, the lamp 
emits no light, and the sectors on the disk are not illuminated. In 
one half-cycle the armature of the motor would advance one pole if 
there were no slip. During this time each black sector would advance 
to the position just occupied by the adjacent black sector that preceded 
it. The same is true of the white sectors. During the period of 
advancement the sectors are but faintly visible, for the illumination 
from the lamp is practically zero. Each black sector and each white 
sector, therefore, is not clearly visible until it has reached the positic'n 
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lust occupied by the sector of the same color just preceding it. As 
(he disk is illuminated twice each cycle, while the glow discharge is 
(curling near the maximum values of the voltage wave, all the sectors 
are visible twice each cycle. If the disk, therefore, rotated at syn¬ 
chronous speed, it would appear stationary. Owing to the fact that 
each conductor on the rotor does not advance 1 pole each ha.i-cycle, 
the sectors will not reach the position of the next adjacent sector of 
the same color but will fall short of this distance, owing to the slip. 
The sectors on the disk will not appear stationary but will seem to be 
rotating slowly backward. The number of rpm that they appear 
to rotate is the revolutions slip of the rotor. Figure 291 shows a 
stroboscope for a 4-polo machine. 

A mechanical-electrical method of measuring slip is shown in Fig. 
295. Two cylinders of insulating material are driven, one by the 
induction-motor shaft and the other by a small synchronous motor 

Voltage Supply 


Induction- 
Motor Shaft 

Fi(t. 295.— Measuieiiient of &lip by iiieaiih of s\ nfhionoii's motor. 

having the same number of poles as the induction motor. Each of 
these cylinders is fitted with a slip ring, to which a small contact piece 
is connected. The synchronous motor always runs at the^speed of 
the rotating field. Every time, therefore, that the induction motor 
slips one revolution, the contact pieces touch each other, closing the 
circuit between the two slip rings. This may be indicated by a flash 
of the light connected in series with the rings through the brushes h. 
Fig. 295, but a better method is to have the contact piece operate a 
magnetic counter. 

In the electrical engineering laboratories at Harvard University, 
the induction motor and the synchronous motor jointly drive a dif¬ 
ferential through gears, a method developed in these laboratories. 
The speed of the differential is the revolutions slip of the induction 
motor. If desired, the speed of the differential and, hence, the slip 
may be measured with a speed 'Counter with considerable accuracy. 
By using different gear ratios the apparatus is adapted to machines 
having any number of poles. 
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202. Induction Regulator. —Without auxiliary apparatus, it is 
practically impossible to maintain the proper voltage at all the dis¬ 
tribution points of a system, for with a fixed voltage at the station bus 
bars the voltage at the ends of short feeders will ordinarily be higher 
than the voltage at the ends of long feeders. Owing to the ohmic 
and reactive drops in the lines, the voltage at the end of the feeder 
may vary considerably with the load on the feeder. In order to main¬ 
tain a more constant voltage at the distribution point, without using 
an excessive amount of copper, an induction regulator often is con¬ 
nected to each feeder. This regulator maintains the voltage at the 
distribution point practically constant. (The voltage drop ordinarily 
does not decrease inversely as the copper cross section because of the 
reactance drop. See Sec. 287, p. 494.) 

The induction regulator is a transformer in which cither the primary 
or the secondary may be movable. In the latest design the primary is 




Fig. 290.—(a) Single-phase induction regulator; (6) connections of singlo-phaso induc¬ 
tion legulator. 

made the movable member. In its general construction and operation 
the regulator closely resembles the induction motor. The general 
principle of the single-phase type is shown in Fig. 29G(a). An ordinary 
drum winding is placed in the slots on the stator, and a similar winding 
is placed in the rotor slots. For simplicity, only the center slots of the 
primary and secondary windings are shown. Only one-half to one- 
third of the secondary slots are used, since the resulting low value of 
breadth factor (p. 177) makes the use of more slots uneconomical. 
When the primary is in the plane of the secondary, Fig. 29()(a), the 
maximum emf is induced in the secondary, because the mutual induct¬ 
ance of the windings is a maximum for this position. When the pri¬ 
mary is at right angles to the secondary, the primary flux does not link 
the secondary winding, so that the induced emf in the secondary is 
zero. As the mutual inductance of the windings is zero under these 
conditions, the secondary acts like a choke coil of high impedance. 
To prevent this effect, a short-circuited tertiary winding is placed on 
the rotor at right angles to the primary. This acts as a short-circuited 
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transformer secondary and, therefore, reduces the inductance of the 
regulator secondary to a small value. The primary winding is in 
shunt across the line, Fig. 296(6), and the secondary is in series with 
the line (c/. Fig. 246, p. 288). When the primary is in the plane of 
the secondary in one position, the secondary induced emf is p maximum 
and the secondary acts as a booster. When the primary is turned 180® 
from this first position, the secondary emf is also a maximum, but it 
now bucks the line voltage. Any value of secondary voltage between 
that corresponding to these two positions is obtained by varying the 
position of the primary. 

The primary is turned by a small motor, controlled by relays. 
The relays are actuated by a contact-making voltmeter. If the line 
voltage is too high, one set of contacts causes the motor to turn in 
such a direction as to make the secondary reduce the line voltage. If 
the line voltage is too low, another set of contacts causes the motor to 
reverse its direction, and the secondary boosts the line voltage. 

The primary, of course, may be w ound on the stator and the second¬ 
ary on the rotor. This arrangement was employed in the early types 
of regulator. 

The 3-phase induction regulator closely resembles the 3-phase 
wound-rotor induction motor. The three rotor windings, or primaries, 
arc connected across the line in delta. The three secondaries on the 
stator, w^hich correspond to the 3 phases of a rotor winding, are 
insulated from one another, and each is connected in series with one of 
the 3-phase lines. As the rotor produces a uniform rotating field, 
the induced emfs in the secondaries are constant, and their magnitudes 
are independent of the position of the rotor. Their boosting and 
bucking effects, however, depend on the phase relations existing 
between each induced secondary emf and its respective line voltage 
and hence on the position of the rotor. 

The 3-phase regulator requires no short-circuited tertiary winding. 

Although the induction regulator is widely used, tap-changing 
transformers (Sec. 176, p. 296) now are preferred. The advantages of 
the transformer are the small magnetizing current, the lesser cost of 
the transformer winding as compared with that of the distributed \ 
windings of the regulator, and the elimination of the shaft and bearings 
required by the regulator. 



CHAPTER X 

SINGLE-PHASE MOTORS 


203. Series Motor. —The direction of rotaH^^n of either the direct- 
current shunt motor or the direclccurrent series motor is the same, 
irrespective of the polarity of the line voltage. If the line terminals be 
reversed, both the fieJd current an^he armature current are reversed 
and the direction of J^ation remBTfe unchanged. If such motors be 
supplied with alternating currentjRhe net torque developed acts in one 

direction JkllP ^ 

WithjH^Ptetin^current, the shunt motor develops but little 
torqiipliBPe high inductance of the shunt field causes the field current 
^ndj'^herafore, the main flux to lag nearly 90® in time phase with 
ilfepecMto ^c line voltage. Since the angle between the armature 
l^reiwand the line voltage cannot be large, there will be considerable 
time-phase difference between the main flux and the armature current. 
C'(^sequently, such a motoi will develop but little torque per ampere 
and, is, therefore, not practical. 

In the series motor, the armature current and the fic'ld current are 
in phase with each other. The main flux is ))ractically in phase with 
the field current. The armature current is, therefore, substantially 
in phase with the flux, and the torque curve has no negative loops 
(see Fi^?. 2G9, p. 316). Consequently, the series motor develops 
approximately the same torque per ampere with alternating current 
as it does with direct current. Fundamentally, the series motor has 
possibilities as an alternating-current motor. 

The ordinary direct-current series motor does not operate satis¬ 
factorily with alternating current for the following reasons: 

a. The alternating field fiux would induce eddy currents in the solid 
parts of the field structure, such as the yoke and cores, causing excessive 
heating and a distinct lowering of efficiency. 

In the alternating-current series motor, this effect is eliminated by 
laminating the field structure. Even with laminated field cores, 
however, losses in the iron occur with alternating current that do not 
occur mth direct current. 

h. There is a relatively large voltage drop across the series fields, 
due to their high reactance. This reduces the output and power factor 
to such low values as to make the motor impractical. 

360 
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In the alternating-current motor, this difficulty is partly overcome 
as follows: 

A low frequency is used, since reactance X is 2 t/L, where / is the 
frequency and L the inductance. Even when the field inductance L is 
made as low as is practical, the field reactance X will be much too 
high unless the frequency f is also made low. Except for inotors of 
fractional horsepower rating, the common frequency of 60 cycles is 
much too high. In the United States, 25 cycles is used for such motors. 
In Europe, 10^^ and 15 cycles are used; although the operation of the 
motor is improved, much larger and heavier transformers are necdl^jjg^ 
at these low frequencies. 

The inductance varies as the product of flux and turns (see Vol7 
Chap. VIII). The turns per pole, therefore, must be reduced to a 
minimum in order to keep the inductance and, hence, the reactafice 



FiCi. 297.—Pait cioss hection of stator and lotoi coies of General Electiie 10-pole a-c 

feciies traction inotoi. 

low. To obtain sufficient flux with few ampere-turns per pole, the 
reluctance of the magnetic circuit must be reduced to a minimum. 
This is accomplished by operating the iron at low flux densities and, 
therefore, at high permeabilities and by using a very short air gap. 
Because of the small number of field ampere-turns and the very low 
flux density, a short pole is necessary. This is illustrated in Fig. 297, 
which shows part of a cross section of the stator and rotor cores of a 
General Electric 10-pole a-c series motor. Fou^' teeth constitute each 
N- and /S-pole of the stator, and the length of each pole is only the * 
length of these teeth. ^ 

c. The armature of an alternating-current series motor of a given 
rating has an unusually large number of conductors, A motor of fixed 
horsepower and speed must develop a corresponding torque. The 
torque developed by a motor is proportional to the product of the field 
flux and the armature ampere conductors. If, therefore, the total flux 
of the alternating-current motor is less than the total flux of a direct- 
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CompensatinfiT 

Winding 


currcrit motor of the same rating, the armature ampere conductors of 
the alternating-current motor must be correspondingly increased in 
order to obtain the required torque. Hence the armature of the a-c 
motor is larger than that of the d-c motor of the same rating. 

d. The alternating-current motor has a lesser number of field amyer e- 
turns an d a greater number of armature ampere-turns than the correspond¬ 
ing direct-current motor. That is, the motor has a strong armature and 
a weak field. This means that the armature reaction is unduly large. 
The direction of the armature mmf is at right angles to the pole axis, 
and the corresponding flux not only serves no useful purpose but in 
two different ways actually affects adversely the operation of the 
motor. It distorts the main field and thus makes commutation with 
change of load difficult (Vol. I, Chap. XII); it links the armature turns, 
and accordingly there results a high armature reactance, which reduces 
the power factor and the output of the motor. To neutralize this flux, 
a compensating winding is embedded in the pole faces. This is indi¬ 
cated in Fig. 297, which show\s the stator slots for the compensating 

winding. The crosses and dots 
indicate the instantaneous inward 
and outward directions of the cur¬ 
rents. Note that the directions 
of the currents in the compensat¬ 
ing winding are the reverse of 
those of the armature (mrrents, 
which are directly opposite across 
the air gap. The com])eiisating^ 
winding is usimlly connect ed in series with t he arm ature. Fig. 298 (see 
Vol. I, Chap. XII, Thompson-Kyan Winding). The ampere-turns of 
the compensating winding are substantially equal and opposite to those 
of the armature. Obviously, they cannot neutralize the armature 
mmf at every point, since there must be some leakage flux between 
the windings. 

If the compensating winding is connected in series with the arma¬ 
ture, Fig. 298, the motor is said to be conductively compensated. When 
it is necessary to use the motor on a d-c system as well as on an a-c 
system, conductive compensation is necessary. 

If the compensating winding is short-circuited on itself, Fig. 299, 
the winding is linked with the cross-magnetizing flux of the armature 
and, therefore, becomes the short-circuited secondary of a transformer, 
the armature ampere-turns being the primary. As the secondary 
ampere-tums of a transformer are practically opposite in phase and 
equal in magnitude to the primary ampere-tums if the magnetizing 
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current is small, the ampere-tums of the compensating winding nearly 
neutralize the ampere-turns of the armature. It is not possible by 
this method to eliminate entirely the cross-magnetizing flux any more 
L^an it is possible to eliminate the 
mutual flux in a short-circuited 
transformer,'^ but the cross-mag¬ 
netizing flux may be reduced to a 
very small value. Inductive com¬ 
pensation is analogous to the 
ordinary transformer, which on 
open circuit is a high impedance. 

When the secondary is short-cir¬ 
cuited, the impedance is reduced to a very low value. 

c. In the alternating-current senes mot or ^ a transformer emf increases 
the difficulties of commutation. 

Figure 300 shows a coil in the neutral plane undergoing commuta¬ 
tion. The coil therefore is short-circuited by the brushes. The plane 
of this coil is perpendicular to the direction of the main field, which is 
alternating, so that the alternating flux of this field links the coil. 



I r« 200 —Inductively compensated series 
motor 



I IG 300—Tian'sforiner omf iii coil undergoing commutation. 

The short-circuited coil acts as the secondary of a transformer of which 
the main-field winding is the primary, and therefore the coil has volt-^^ 
age induced in it. As this coil is short-circuited by the brushes an4 has' 
a low impedance, a large current flows. This current causes severe 
sparking at the brushes. In addition, it opposes the main flux and so 
lowers the torque. The induced emf between commutator segments is 
reduced by using single-turn coils. To reduce the short-circuit cur¬ 
rent to a value as low as possible, resistance leads have been inserted 
between the armature coils and the commutator segments, Fig. 301. 
Such leads, by increasing the impedance of the short-circuited coil, 
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reduce the short-circuit current. Note, Fig. 301, that so far as the 
shorircircuit current is concerned two such leads are in series^ while so 
far as the external or load current is concerned they are in parallel. 
This makes the resistance of these leads to the short-circuit current 
four times as great as to the load current. Except in starting, such 
leads are in the circuit but a small part of the time. If the starting 
period is too long, the leads in circuit at that time may overheat. 

The development of interpoles, or commutating poles, Sec. 204, 
now makes the use of resistance leads unnecessary. 

The induced emf per turn in the armature coil undergoing com¬ 
mutation is proportional to the flux per pole. In order to keep this 
voltage within allowable limits, the total flux per pole must be made as 
small as possible. The number of poles must be increased, therefore, 
in order that there may be sufficient total flux to develop the required 
torque. For this reason, the modern a-c series motor usually has 
10 to 18 poles. 



Fig. 301.—Ilesiatancc loada tu improve com mutation. 


In order to improve commutation still furthei-, the voltage between 
commutator bars is kept down to a low value. This follows from the 
fact that but a single turn between segments is used, so that the trans¬ 
former emf during commutation is minimizc'd. Hence, a large number 
of segments and a correspondingly lai*ge commutator are necessary. 
The necessity for low voltage between segments limits the voltage 
rating of such motors to about 250 volts. Direct-current railway 
motors of equal power rating almost always operate at from 600 to 
750 volts. 

204. Interpoles. —The transformer emf in the coils undergoing 
commutation lags the main flux 90° and hence lags the current by 
nearly 90°. The flux in the usual series-connected interpole is practi¬ 
cally proportional to the current and is in phase with it. Hence the 
speed emf due to the commutating-pole flux is practically in phase 
with the current and thus must lead the transformer emf by nearly 
90°. The speed emf, therefore, cannot neutralize the transformer emf 
but adds vectorially to it. However, as in the d-c machine, there is a 
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speed emf due to the commutated coils cutting the armature-leakage 
cross flux, as well as an emf of self-induction (Vol. I, Chap. XII). 
These emfs are in phase with the current but are proportional to the 
speed. Hence, the interpoles can neutralize them at one speed only. 

The speed emf and the transformer 
emf in the commutated coils add in 
quadrature to form a resultant emf. By 
shunting the interpoles with a noninduc- 
tive resistance. Fig. 302, the phase of the 
interpolo flux can be made such as to 
neutralize this resultant. The neutrali¬ 
zation can be made at one spo(‘d only, 
and accordingly the interludes are only 
partly effective at starting. By the use 
of interpoles it has become possilde to 
eliminate the armature-resistance leads, 
w hich occupy valuable space and lower the rating of the motor by their 
heating. The intcrp(des, or commutating pedes, in Fig. 297 are 
designated by n and s, and their windings are indicated. 

206. Series-motor Vector Diagram,—Figure 303 shows the vector 
diagram for the series motor. The resistance drop of the main field 
is in phase with the current 7. The reactance drop IXs of the main 
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Fig. 303.- - Vector diugram for alternating-current series motor. 


field is in quadrature and leading the current 7. JRa and IRry the 
resistance drops of the armature and compensating field, are in phas(^ 
with the current. IXa and IXc, the reacttoce drops of the armature* 
and compensating field, are in quadrature with the current and leadl|ng. 
Even with the methods given in b, Sec. 203, the reactance drop of the 
series field is much greater than that of either the armature or the com¬ 
pensating field. Unlike the armature cross flux, the flux that produces 
this reactance drop cannot be neutralized since it is essential to the 
development of torque. The interpole circuit consists of the interpole 
windings in parallel with the noninductive shunt, Fig. 302. The 
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equivalent resistance of this parallel circuit is and the resistance 
drop IRp is in phase with the current. The equivalent reactance of 
this parallel circuit is Xp, and the reactance drop IXp leads the current 
by 90^ 

When the alternating-field flux is at its maximum value, the arma¬ 
ture conductors are cutting the maximum flux, and the speed emf is 
therefore a maximum. When the field flux is at its zero value, the 
counter emf is zero. The counter emf, therefore, is in time phase with 
the flux and reaches its negative maximum value when the current 



Amperes 

Fig. 304.—Character istics of a-c scries railway motor. {W tsiinyhoasi Elect tic Corp) 

reaches positive maximum value, approximately. Hence the counter 
emf E is essentiall}^ 180° out of phase with the current, and thus the 
component of terminal voltage to balance it, — is practically in 
phase with the current. Fig. 303. 

The terminal voltage V is the vector sum of the counter emf 
reversed and the IR and IX voltage drops in the series field, the com¬ 
pensating field, the interpolc circuit, and the armature. The product 
of the counter emf E and the current I is the power developed in the 
armature. The power at the pulley is less than this by the amount of 
the rotational losses. The cosine of the angle 6 is the power factor 
of the motor. In order to have high power factor, the reactance drops 
must be low and the counter emf high. The reactance drops are lowest 
and the counter emf is highest at light loads, and therefore the power 
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factor of the single-phase series motor is highest at light loads, Fig. 
304. This is the reverse of the power-factor relations that exist in 
the induction motor and in the transformer. 

The single-phase series motor has practically the same operating 
characteristics as the direct-current series motor. This is illustrated 
in Fig. 304, which gives the operating characteristics of a typical 
railway a-c motor. The torque, or tractive effort, varies nearly as 
the square of the current, and the speed varies inversely as the current 
or nearly so. 

If conductively compensated, the motor also operates satisfactorily 
with direct current but has increased output and efficiency. When 
the motor is operated with alternating current, the speed may be 
controlled efficiently by taps on a transformer. This efficient speed 
control is not possible with direct current. 

The single-phase series motor operates satisfactorily in railway 
work, notably on the New York, New Haven & Hartford Railroad. 
From New Haven to Woodlawn the locomotives take power at 11,000 
volts, 25 cycles, from an overhead trolley wire, by means of a panto¬ 
graph trolley. An autotransformer on the locomotive reduces this 
voltage to 250 volts, the rat('d voltage of the series motors. The 
electric locomotives run from Woodlawn into the Grand Central 
Station, New York City, over the New York Central 600-volt direct- 
current system. The same motors are used for both direct-current 
and alternating-current service; the control devices are switched to 
direct current when transition is made from one service to the other. 
The motors that operate at 250 volts each on alternating current are 
connected two in series for direct-current operation. 

206. Repulsion Motor.—Tf an ordbiary direct-current armature i > 
placed in a single-phase magnetic field and the brushes are short- 
circuited, a simple repulsion motor is obtained. In order to develop 
torcpie, however, the brush axis must be displaced from the axis of 
the main field by about 18 or 20 electrical space degrees, as will be 
shown. 

For simplicity in developing the method of operation, motors with 
bipolar salient-pole fields and gramme-ring armatures are shown, 
since the flux paths are simple, and the windings and their currents mre 
easy to follow. In the actual motor, a stator with a distributed wind¬ 
ing similar to that for the induction motor, usually wound for 4 or 
more poles, and a drum-wound armature with a commutator are used. 
However, the principle of operation is the same in both cases. 

Consider the gramme-ring armature and its commutator. Fig. 306, 
operating in a bipolar magnetic field, laminations being used for both 
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polQS and armature. The holds arc excited by a winding cn)nnocted 
directly to a single-phase line. At the instant shown, the upper Mire 
is positive, and the current is increasing in a positive direction. The 
flux, which is substantially in phase with this current, is also in(;reasing 
and by the corkscrew mle is directed upward. This flux divides, half 
going through each side of the ring armature. 

It is clear that the winding on each side of the ring armature acts 
as the secondary of a transformer. The alternating flux produced by 
the field winding, which acts as primary, therefore induces an emf in 
each half of the armature. By Lenz's law, this induced emf has such 
a direction that were there a current it would oppose the inducing flux. 
The direction of this induced emf at the instant indicated in Fig. 3()5(a) 
is given by the arrows on the windings. It will Ix' noted, by following 



i I 


(a) (b) 

Fia. 305.—('^urrcnth and onifb in windinK^ of roi)ul}>ion motor, bruslios in pf'omotriral 

neutral. 

through the winding, tluit the resultant direction of this inducted emf 
is upward in each side of the armature. This is indicatc'd diagram- 
matically in Fig. 305(/;), where the arrows show the general direction 
of these induced emfs through the armature. Were there no brushes, 
it is evident that no current would flow in the armature winding, since 
the emf in one half of the winding is equal and in phase opposition 
to that in the other half. 

In h'ig. 305(a) and (6), the brushes are shown as being in the geo¬ 
metrical neutral and short-circuited. Each brush is at the mid-point 
of its transformer winding. As the total emfs in the two windings are 
the same and the windings are connected in parallel, each mid-point 
must be at the same potential. The brushes short-circuit two points 
at the same potential, therefore, and no current flows between brushes. 

It is clear that without brushes there is no armature current, and 
even with brushes there is no armature current, provided that the 
brush axis is at right angles to the pole axis. Under both these condi¬ 
tions, therefore, there is no armature current and, hence, no torque. 
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Figure 306(o) shows the same condition existing in the field and 
armature as is shown in Fig. 305(a), except that the brushes now lie 
along the pole axis. As the general direction of the induced emfs has 
not changed, the brushes are now short-circuiting the points of the 
armature winding across which the maximum potential difference 
exists. Current, therefore, flows between the brushes from4)oth sides 
of the armature, and in this brush position the current in the armature 
is a maximum. The motor develops no torque with the brushes in 
this position for the following reasons: Two conditions are necessary 
for the development of torque. The angle between the space position 
of the flux axis and the brush axis rmist he greater than zero. For maxi¬ 
mum torque, this angle should be 90®. For example, in a direct- 
current motor with fixed flux and armature current, the maximum 


Line 




(&) 

Fig. 306.—(kirreiitb in witi(UiiK» of repulsion motor, hruslios along pole axis. 


torque occurs when the brushes are in the neutral plane, that is, at 
right angles to the flux. No torque would be developed were the brush 
axis parallel to the flux. 

There must be a component of the current in time phase with the flux 
(see Sec. 203, p. 3G0). If there is 90® time lag between the current and 
the flux, the current is a maximum at the instant the flux is zero, etc., 
and the average torque is zero. With flux, armature current, and 
brush position all fixed, the highest value of the torque occurs whe^ 
the flux and armature current are in time phase with each other. 

Under the conditions shown in Fig. 306, the brush axis is paUgllel 
to the resultant flux. That is, the angle between the flux and the brush 
axis is zero. A consideration of Fig. 306(a) shows that the current 
flows in opposite directions in the two equal conductor belts on each 
side of the brush axis. Although it can be shown that the armature 
current is nearly in time phase with the flux, no torque is developed 
because of the space position of the brushes. 
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Hence, in this type of motor, no torque is developed when the brush 
axis is at right angles to the flux, for then there is no current; no torque 
is developed when the brush axis is parallel to the flux, because the 
ampere conductors under each pole develop opposite and equal torques. 

However, if the brushes are placed in some intermediate position, 
they will be short-circuiting points of the winding between which a 
difference of potential exists; therefore, currents will flow in the wind¬ 
ing, and also the net ampere conductors under each pole cannot be 
zero. It can be shown that the armature current is substantially in 
time phase with the flux. Under these conditions, therefore, the motor 
develops torque, and if allowed to do so the armature v ill rotate. 

Figure 307 (a) shows the brush axis making an angle a with the pole 
axis. The arrows in this figure show the direction of the armature 

Current 



Fia. 307.—Brush position in repulsion motor which gives both current and torque. 

current at the instant w hen the upper wire is positive and the current is 
increasing positively. Figure 307(6) shows diagrammatically the 
general direction of the currents through the armature and brushes. 
It will be seen that the current direction in the conductors under each 
pole is such as to develop torque. Figure 307(c) shows the direction 
of the induced emfs in the armature, the distorting eft'ect of the arma¬ 
ture mmf on the field flux being neglected. The emfs in each half of the 
armature act in conjunction, as shown in Fig. 305(6). Assume for the 
time being that angle equals angle a. Fig. 307(c). The current paths 
through the winding are ahed and afed. In path ahed, the emfs Er,d and 
Ecb included in angles a and /S, respectively, each ecjual to the brush-dis¬ 
placement angle, are equal and act in opposition. Therefore they 
cancel each other, leaving Eab as the net emf through path ahed. 
Likewise, in path afed, the emfs E/a and Efe cancel, leaving Eed as the 
net emf through this path. The net emfs Eab and Eed arc effective in 
sending the current through the armature. 

The foregoing is not a rigorous analysis of repulsion-motor opera¬ 
tion but rather a statement of the general principles on which the 
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operation depends. A rigorous analysis involves vector diagrams of 
considerable complexity and is beyond the scope of this book.^ 

In this type of motor the direction of rotation depends on the brush 
position. For example, in Fig. 307(c), the direction of rotation may be 
reversed by moving the brushes so that they cross the pole axis, the 
brush axis then making an angle with the pole axis. Angle jS must 
be less than 90®. 

As is stated earlier, for simplicity a gramme-ring winding has been 
considered, but for the same number of poles the method of operation of 
the drum-type winding is identical. Also, tho foregoing principles 
apply to motors of more than 2 poles. Figure 308 shows the brush 
positions for a 4-pole motor. 




Fio. 308. Four-polo ropul- Fi«. 309.—Two-polc repulsion motor with 

bioii motor. compensating or transformer field. 

Instead of displacing the brushes from the geometrical neutral 
so that a potential difference exists between them, which results in a 
current, giving rise to torque, the same effect may be obtained by using 
two field windings displaced at right angles to each other. Fig. 309. 
A compensating, or transformer, field, acting along the brush axis, 
induces emfs which, in turn, cause currents, shown in Fig. 307, and 
these currents react with the flux of the main-field Avinding to produce 
torque. This type of motor should not be confused with the 4-pole 
type of Fig. 308. 

Practically all repulsion motors are made with nonsalient poles, 
rather than with the salient poles shown in the diagrammatic Ulus-, 
trations just given. The Avindings are usually of the distributed tirpe, 
such as are used for induction motors. The fact that the reluctance 
to the main-field flux and to the transformer-field flux must be kept as 
low as possible makes it desirable to use nonsalient poles and semiclosed 

^ For more detailed analysis of single-phase motors, see R. R. Lawrence, 
‘TMnciples of Alternating-current Machinery,” McGraw-Hill Book Company, 
Inc. 
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slots and to make the air gap as short as possible. Otherwise, the 
magnetizing currents for these fields will be high, lowering the power 
factor. 

Repulsion motors have characteristics similar to those of series 
motors and have large starting torque. The sparking is small at 
synchronous speed (3,600 rpm for a 2-pole 60-cycIe motor), but at 
speeds differing greatly from this the sparking may be excessive. It 
will be noted that the motor of Fig. 309 is similar to the inductively 
compensated series motor of Fig. 299, with the connections of the 
compensating winding and of the armature interchanged. There are 
several types of repulsion motor that, while differing in detail from the 
mot^just described, involve identical principles. 

^^07. Single-phase Induction Motor.—Figure 310 shows a 2-pole 
^Xwtor whose magnetic field is produced by single-phase current in a 




Fig. 310.—Single-i)ha»o alternating field. Fig. 311.— Time vaiiation of aingle- 

pliaso alternating field. 


simple field winding. The current is assumed to vary sinusoidally 
with time; and if the iron be assumed to operate at moderate flux 
densities, the flux through the armature will vary practically sinusoid¬ 
ally with time. The variation of the field with time may be repre¬ 
sented by the projection of a rotating vector <t>m upon a vertical axis 
XXy Fig. 311. The vector is equal to the maximum value of the 
flux, and its speed of rotation in rps is equal to the line frequency in 
cycles per second. 

Ferraris has shown, however, that such a single-phase sinusoidal 
field, varying or pulsating sinusoidally with time along a fixed axis, 
can be resolved into two equal sinusoidal fields rotating in opposite 
directions each having a maximum value equal to one-half that of the 
initial field. 

In Fig. 312(a) are shown two sinusoidal rotating fields and <^ 2 , 
which rotate in opposite directions at angular velocity w around the 
air gap of an a-c machine, <f>i rotating to the left and <f >2 to the right. 
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The air gap is shown as a plane. When time t was zero, the positions 
of the maximum values of and ^2 were along axis YY and the 
resultant flux was at its maximum instantaneous value, <t>m = <l>i + ^2 
as indicated. (The ordinates and also the maximum values of the 
flux waves 0 i, 02 , <t> are equal to flux density. The magnit^ude of each 
flux is determined by the areas under 0i, 02 , 0.) At the insUuit shown, 
01 has advanced in a left-hand direction by radians, and 02 has 
advanced in a right-hand direction by radians. Also at this instant 
the resultant flux 0 , found by adding the ordinates of 0 i and 02 , lies 
along the axis YY. Thus, the total flux, the resultant of two equal 
sinusoidal fields rotating in opposite directions along the air gap, is 
distributed sinusoidally in space and varies sinusoidally in magnitude 



Fkj. 312.—llepresentation of single-phase altoruating field by two oppositely rotating 

fields. 

In (b) the rotating fields 0i and 02 of (a) are represented by the 
vectors 0i and 02 rotating at co radians per sec in opposite directions, 
01 rotating cloc^kwise and 02 counterclockwise. The length of each 
vector is 0,«/2, where 0w is the maximum mstantaneous value of the 
pulsating field. The initial position of the two vectors when i = 0 is 
downward along axis F'F'. At the instant shown, each vector has 
rotated c^t radians from its initial position, and the resultant field 0 
at the instant is the vector sum of 0i and 02 and is equal to 0 in (a). 
In both (a) and (b) the resultant flux 0 lies along the fixed vei|ical 
axis. 

Thus the two rotating fields in (a) and hence the pulsating sinu¬ 
soidal field in Fig. 310 may be represented by the two rotating vectors, 
Fig. 312(b). 

Experiment also shows that two such fields actually do exist. For 
example, when the rotor is rotating at synchronous speed with field 
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4>iy it is found that the oppositely rotating field <t >2 induces double¬ 
frequency currents in the rotor conductors. Each field acts inde¬ 
pendently upon the rotor and in the same manner as the rotating field 
of the polyphase induction motor. One field tends to cause rotation 
in a clockwise direction, and the other field tends to cause rotation in a 
counterclockwise direction. Figure 313 shows the slip-torque curve 
due to each of the two fields Ti, corresponding to <^> 1 , and ^ 2 , corres¬ 
ponding to 02 . 

The torques act in opposite directions, as shown. At standstill 
(slip = 1 ), the two torques are opposite and equal, and the rotor has 
no tendency to start. If the rotor in some manner be (;aused to rotate 
in the direction in which the tonpie Ti is acting, Ti will immediately 
exceed the countertorque T 2 and the armature will begin to accelerate 



Fig, 313.—Two opposing torques in single-phase induction motor. 

in the direction of Ti. As the armature speeds up, 7'i predominates 
more and more over T 2 , and the armature approaches synchronous 
speed without difficulty. The countertorque due to T 2 always exists, 
however, although it has little effect near the synchronous speed of 
the field that produces Ti. 

When the rotor operates near synchronous speed in the direction of 
Ti, its slip is nearly 2 with reference to T 2 . The rotating field that 
produces T 2 , therefore, induces double-frequency currents in the rotor 
at this speed. These double-frequency currents, however, produce 
little torque because of their high frequency. This frequency is 
practically double the stator frequency. The rotor reactance, there¬ 
fore, is many times its value at slip frequency. Consequently, these 
currents are small in magnitude and make a considerable space angle 
with the air-gap flux, developing little countertorque (see Sec. 186, 
p. 315). 

It is obvious that the single-phase induction motor rotates in the 
direction in which it is started. 
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208. Reactions in a Single-phase Induction Motor. —^Although the 
foregoing treatment of the single-phase induction motor gives some 
idea of its method of operation, it does not gives a conception of the 
reactions that actually occur in the motor. 

The reactions are not simple, and several factors must be considered 
if an exact analysis is to be made. At the instant shown in Tig, 314, 
the direction of the main flux 0 m due to the stator winding is down into 
the armature from the iV-pole, and the flux is increasing positively. 
It links the rotor conductors, and, owing to transformer action, cur¬ 
rents arc induced in these. The induced 
currents in the rotor conductors must 
flow in such a direction as to oppose this 
flux in the same manner as the secondary 
ampere-turns of any static transformer 
oppose the primary ampere-turns. The 
effect of the rotor conductors is the 
same as if they were connected as shown 
in Fig. 314, each conductor being con¬ 
nected with one on the opposite side of 
the armature to form a closed turn. To 
oppose the flux 0 m, the current must be 
flowing inward on the right-hand side of 
the armature and outward on the left- 
hand side of the armature, as indicated in the figure. 

Assume that the armature rotates in a clockwise direction. There 
will be an emf induced in the rotor conductors, due to their cutting 
the flux 0j»f. This induced emf is called the speed emf^ because it is 
induced entirely by the cutting of the flux <I>m due to rotation. 
Applying Fleming's right-hand rule, this emf acts inward on the upper 
half of the armature and outward on the lower half. Fig. 315. This 
emf is alternating and is a maximum when 0 m is a maximum. As the 
rotor conductors are short-circuited upon themselves, alternating cur¬ 
rents flow in them as a result of this induced emf. The rotor reactance 
being high as compared with its resistance, these currents lag the 
induced emf by very nearly 90°. The currents, moreover, produce k 
flux 0^^ at right angles to 0 m, Fig. 315. just as the ampere condusiitors 
of a direct-current motor produce a field at right angles to the pole 
axis when the brushes are in the geometrical neutral. In practice, the 
stator completely surrounds the rotor, the air gap being uniform. At 
synchronous speed, 4>a is substantially equal to <I>m but is 90° from <I>m 
in space. 

The speed emf Ea is obviously a maximum when 0 m is a maximum. 



Fir,. 314.—Transformer cur¬ 
rents in rotor of single-phase 
induction motor. 
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The current Ia does not reach its maximum until nearly 90® later in 
time, for the rotor reactance is high as compared with its resistance. 
In Fig. 314, (l>M is shown as having reached its maximum and acting 
vertically downward. After a quarter period, <t>A reaches its maximum 
and is acting 90® in space from the flux <^Af, Fig. 315. It will be 
recognized that two such fields, acting along axes 90° from each other 
in space and differing in time phase by an angle of 90°, will produce a 
rotating magnetic field. This field rotates clockwise in Figs. 314 and 
315. As the rotor slip increases, <t>A decreases slightly in magnitude 
because of the lesser speed. The horizontal field, therefore, becomes 
less than the vertical field, and a so-called elliptical field results. 

At standstill, 4>a is zero, and the rotating field becomes a pulsating 
field, which already has been described. 

It might be supposed that the rotating field would react on the 
stator in the same manner as the rotating field in the polyphase induc¬ 
tion motor. Since 0 a originates in the 
armature and also because of its quadra¬ 
ture position, it cannot of itself react on 
the stator to cause a power current to 
flow in the stator and therefore it cannot 
of itself contribute power to the rotor. 
However, the rotor conductors cutting 0 a 
produce a speed omf, which acts along 
the main axis. The speed emf combined 
with the transformer emf along the same 
axis gives a resultant emf. The current 
Fig. .315.—Speed currentb and acting along the main axis is equal to 

resulting flux in roto, of single- resultant emf divided by the equiv- 

phase induction motor. i i i 

alent impedance of the rotor along this 
axis. This current does react on the stator. Hence, by its contri¬ 
bution to the resultant emf, 0 a does react indirectly on the stator. 
The current producing 0a, however, does not contribute power but is 
merely a magnetizing current.^ 

209. Operation of Polyphase Motor as Single-phase Motor. —The 

single-phase induction motor is distinctly inferior to the polyphase 
motor. For the same weight, its rating is about 60 per cent of that of 
the polyphase motor; it has a lower power factor and is less efficient. 

If one phase of a polyphase motor be opened, the motor will operate 
as a single-phase motor, although it will not start under these condi¬ 
tions. The rating and the breakdown torque of a polyphase motor, 

1 For more detailed analysis, see R. R. Lawrence, “Principles of Alternating- 
current Machinery,^^ 3d ed., Chap. XLVI, p. 583. 




SINGLE-PHASE MOTORS 


377 


operating single-phase, are considerably reduced; and if rated poly¬ 
phase load is applied continuously, the motor may overheat. 

Ordinarily, in starting a polyphase motor, all three lines are closed 
when the compensator is in the starting position, and the motor starts 
as usual. When the compensator is thrown to the runniijg position, 
however, a phase may become open through the compensator. This 
would occur with a poor contact in the running side. Fig. 283 (p. 334). 
The motor then operates single-phase, and the only indication that it 
may give of this condition is overheating if the load is near the rated 
value. The best test for an open phase is to insert an ammeter in 
each line. 

Starting Single-phase Induction Motors 
210. Split-phase Methods.—^As the single-phase induction motor 
i& not self-starting, auxiliary means must be used to secure initial 
torque. One method is to split the phase ])y combinations of induct¬ 
ance', resistance, and capacitance. 



(a) 

Fia. 316.—Split-phase method of btartiiig single-phase induction motor. 


Figure 31(5 (a) illustrates one method of splitting the phase, a 2-pole 
motor being shown. The main winding, w’^hich is highly inductive, 
is connected across the line in the usual manner. Between the main 
poles are auxiliary poles, the windings of which have a greater resist-^ 
ance and lesser reactance than the main winding. Sometimes addi- * 
tional resistance is inserted. Fig. 316. As the ratio of resistanc^to 
reactance in the auxiliary winding is greater than that for the main 
winding, the current will lag the line voltage by a smaller angle than 
the current in the main winding. Hence, the currents in auxiliary 
and main windings differ in phase. This is shown in (b), where current 
J m, the current in the main winding, lags the terminal voltage V by an 
angle Bm, which is larger than Ba, the angle by which the current la in 
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the auxiliary winding lags V. For the best conditions the two cur¬ 
rents should differ in phase by 90“, but this condition is not readily 
obtainable and, in fact, is not necessary. These two sets of poks 
produce a sort of rotating field, which starts the motor. When the 
motor comes up to speed, a centrifugal device in the rotor opens the 
switch S and disconnects the auxiliary winding. 

It is also possible to split the phase with a 3-phase winding. Two 
terminals are connected to the single-phase line, and a capacitor or an 
inductance is connected between the third terminal and either line 
wire. 

211 . Capacitor Motor . —The capacitor motor employs capacitance 
to split the phase, rather than resistance. The use of capacitance has 
many advantages. The fluxes in the two phases can be made to have a 
phase difference of practically 90®, so that the motor becomes essen¬ 
tially a 2-phase motor. The starting torque is therefore considerably 
greater than with the usual split-phase motor of the same rating. The 
capacitance may remain in circuit continuously so that the power 
factor of the motor is very nearly unity. Fig. 317(d). Until recently, 
the cost of capacitors has prevented their use for motor-starting pur¬ 
poses. Their low cost at the present time makes it practicable to use 
them for phase-splitting purposes in fractional-horsepower motors. 

The circuit diagram of a simple capacitor motor is shown in Fig. 
317(a), in which a capacitor C is connected in series with phase 2. 
If a large starting torque is desired, two capacitors may be used as 
shown in (6). On starting, a comparatively large capacitor Ci is con¬ 
nected in circuit by switch Si. On running, the switch Si connects 
(usually automatically) a smaller capacitor C 2 in circuit, disconnecting 
Cl. The direction of rotation may be reversed by throwing switch S 2 
to the right. 

The volt-amperes to a capacitor vary as the square of the voltage. 
Hence, it is sometimes economical to Tise a small autotransformer, 
Fig. 317(c), to step up the voltage, thus making it possible to reduce 
the capacitance. A capacitor can withstand a higher voltage for the 
short period of starting than it can safely withstand continuously. 
This makes it possible to obtain an increased starting torque by throw¬ 
ing switch S to the lower position. Fig. 317(c). 

The vector diagram for the simple capacitor motor, Fig. 317(a), is 
shown in Fig. 317(d). The current Ji in phase 1 lags the impressed 
voltage V by the angle ai. The current 72 in phase 2 leads the voltage 
V by the angle a 2 . The voltage Be across the capacitor lags I 2 by 
90®; the voltage E 2 across phase 2 leads 72 by the angle The line 
voltage V is the vector sum of E 2 and Ec. The voltage V and the 
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then links the short-circuited coil. Later the opposing mmf of the 
short-circuited coil ceases, the current in this coil lagging its emf. 
After the main flux begins to decrease, the current induced in the 


shading coil tends to prevent 



the flux then existing in the shaded por¬ 
tion of the pole tip from decreasing 
The flux first reaches its maximum value, 
therefore, at the nonshaded side of the 
pole and later reaches its maximum at 
the shaded side. The effecit of the shad¬ 
ing coil is to retard in time phase a por¬ 
tion of the flux, so that there is a 
sweeping of the flux across the pole face 
in the direction of the shading coil. This 
flux cutting the rotor conductors induces 
currents, which, in turn, produce a torque 
sufficient to start the motor. The shaded 


pole produces a weak starting torque and is used only with fractional- 
horsepower motors, such as fan motors, recpiiring little starting torque. 

213. Repulsion-motor Start.—The methods just explained for 
starting the single-phase induction motor produce weak starting tor¬ 
ques, which are insufficient to start the motor ex(*<ept under the lightest 
loads. A common method of obtaining large starting toniue is to 
design the motor so that on starting it operates as a n^pulsion motor 
and, when it attains sufiicient speed, to convert it into a single-phase 
induction motor by some mechanism operated by centrifugal force. 
Figure 319(a), (6), (c), illustrates the method used by the Century 
Electric Company. The armature is drum-wound, and the brushes 
press on the end surface of the commutator during the starting period. 
The connections are the same as those of the repulsion motors shown 
in Figs. 307 and 308 (pp. 370 and 371). Figure 319(tt) shows the 
entire motor cross section, and Fig. 319(6) shows the governing 
mechanism alone. At the pulley end of the armature, two governor 
weights move radially outward under centrifugal force. Their radial 
movement is converted into an axial one by means of the bell cranks. 
The governor-weight pins are connected to th(' bell crank at one end, 
and the other end presses on the end of the spring barrel. Within the 
spring barrel, the governor spring resists the axial thrust of the 
governor-weight pins and permits movement only after the desired 
speed has been reached and the governor weights develop the necessary 
centrifugal force. 

The short-circuiting segments, one of which is shown in Fig. 319(c), 
are of copper and are held loosely together at one end by a (drcular wire 
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(a) Cross section of motor and starting mechanism. 
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(6) Governor mechanism. 
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(c) Short-circuiting segment. 

Fia. 319.—Repulsion-btait bingle-phabe induction motor. {Century Electric Co.), 

ring passing through the hole in the end of the segment. The entire 
segment assembly fits in a rectangular space around the outside of 
the spring barrel. Until the governor weights operate, the short- 
circuiting segments are not in contact with the commutator segments. 
The brushes, which are sector-shaped, are pressed axially on the com- 
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mutator surface by the action of the governor spring, until the governor 
weights act. The brush holders are connected mechanically to the 
spring-barrel mechanism. 

With the brushes pressing axially on the commutator, the motor 
starts as a repulsion motor, developing considerable torque. When it 
has reached the necessary speed, the governor weights are able to 
overcome the action of the governor spring and to move radially out¬ 
ward. Acting through the bell crank and governor-weight pins they 
cause the spring barrel to move to the right, carrying the short-(ar- 
cuiting segments and the brush holders with it. The loosely held 
short-circuiting segments are forced by centrifugal action against the 
inner surface of the commutator, short-circuiting the segments and 
hence the winding, while at the same time the brushes move away, 
clear of the commutator. The motor is thus converted during starting 
from a repulsion motor into a single-phase induction motor. The 
brushes are active for so short a time that there is but little wear. 



Fig. 320.—Method of obtaining 3-phase power from single-phase supply, by moans 
of squirrel-cage induction motor operating as phase converter. 

214. Induction Motor as Phase Converter.—If a 3-phase induction 
motor be operated single-phase. Fig. 320, 3-phase voltages exist across 
its three terminals. The reason for this is as follows: 

The counter emf in each phase of a polyphase induction motor is 
induced by the rotating field cutting the stator conductors. If the 
stator is wound for 2-phase, the induced emfs at the stator terminals 
are 2-phase; if the stator is wound for 3-phase, the induced emfs at 
the stator terminals are 3-phase. The induced emf in each phase of a 
polyphase induction motor is slightly less than the terminal voltage 
(per phase) by the amount of the stator impedance drop. 

It is shown in Sec. 208 (p. 375) that in a^ single-phase in duction 
motor, a r otating field exist s. At small values of slip, this field departs 
but slightlyfrom a rotating field such as is produced by polyphase 
currents in polyphase windings. When a single-phase voltage is 
applied to one phase of a 2-phase or of a 3-phase motor, therefore, th(‘ 
rotating field is almost identical with that which exists when poly- 
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phase voltages are applied to the terminals. Consequently, if a single- 
phase voltage be applied to one phase of a 2-phase stator, a quadrature 
emf exists across the terminals of the other phase. If a single-phase 
voltage be applied to one phase of a 3-phase stator, the voltag^ across 
the three terminals will very nearly equal one another and will be 
approximately 120° apart. As the induced emfs are less t^an the 
applied terminal voltage by the amount of the stator impedance drops 
and as the rotating field is somewhat elliptical, the terminal voltages 
will not be balanced exactly. For example, in Fig. 320, 220 volts, 
single-phase, is applied to 1 phase of a 3-phase motor, and voltages 
of approximately 210 and 200 volts are found to exist across the other 
2 phases. 

Polyphase induction motors are sometimes used in this manner 
to produce polyphase voltages from single-phase supply. That is, 
single-phase voltage is supplied to one phase of the polyphase stator, 
and polyphase voltages are obtained from the stator terminals. When 
so used, the motor is called a phase converter. 

The phase converter is used in railway electrification. Although 
the 3-phase induction motor is adapted to railway work, there is con¬ 
siderable disadvantage in using the two trolleys that are required if 
3-phase power is to be supplied to the locomotive. By using a phase 
converter, the advantages of the 3-phase motor for driving may be 
secured, and at the same time all the advantages of a single trolley are 
retained. The phase converter receives single-phase power, which is 
pulsating, and delivers 3-phase power, which is substantially steady. 
This is made possible by the kinetic energy stored in the rotating arma¬ 
ture of the phase converter, this energy supplying the power during 
those times when th(3 single-phase power is negative or is less than the 
average value of the polyphase power. The armature accelerates and 
so stores kinetic energy during the periods when the single-phase 
power exceeds the average power. The armature slows down and so 
gives up some of its kinetic energy during the periods when the single¬ 
phase power is less than the average power. In practice, the actual 
speed variations of the armature are slight. Typical connections for a 
railway phase converter are given in Fig. 321. A 2-phase converter is^, 
used, as only half the power need be converted under these condit^ns, 
the other half flowing conductively from the transformer secondary to 
the motors. The power is received single-phase from an 11,000-volt 
trolley and stepped down by a transformer on the locomotive. Special 
transformer taps are used to keep the phases balanced. The general 
diagram of connections is shown in Fig. 321(6), and the simplified 
diagram is shown in (a). It will be recognized that the converter and 
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transformer connection is equivalent to a T-connection. This is used 
in order that S-phase power may be obtained by supplying single¬ 
phase power to the 2-phase stator of the converter. The phase ah to 
the driving motors is supplied directly from the transformer. The 
winding a'h"h', tapped to Avinding ab, is the main winding of the phase 
converter (see Fig. 255, p. 296). The winding c'c”e is the teaser wind¬ 
ing tapped to the transformer at c', giving the third wire c of the 
3-phase system. Ordinarily, the teaser winding would be tapped to 



b Simplified Diasram 


11,000-Volt Trolley 



Fig. 321.—Connections of locomotive phase (joiiverter. 


point b”, the center of the main convertor winding. For convenience, 
however, the teaser winding is tapped instead to point c', the center of 
the transformer winding. But, under balanced conditions, c' and 
6" are at practically the same potential, so that, as far as voltages are 
concerned, connecting the teaser winding to c' is equivalent to connect¬ 
ing it to h”. 

Phase converters are used on the Norfolk and Western Railway, on 
the Virginian Railway, and on a portion of the Pennsylvania Railroad. 



CHAPTER XI 

THE SYNCHRONOUS MOTOR 


216. Synchronous Motor. —It will be remembered that the direct- 
current generator operates satisfactorily as a motor. Moreover, there 
is practically no difference in the construction <>f the direct-current 
generator and the direct-current motor, and there is no substantial 
difference in the rating of a machine whether operated as mdtor or as 
generator. 

Similarly, an alternator will operate as a motor without any changes 
being made in its construction. When so operated, the machine is 
called a synchronous motor. 

The design of a synchronous motor and of an alternator, each of 
the same rating and speed, may differ somewhat in details, owing to 
the desirability of securing the best operating characteristics for each. 
Except in special high-speed 2-pole types, synchronous motors are 
alino^ always salient-pole machines, whereas alternators may be of 
eitly4 the salient-pole oi nonsalient-pole type. 

—/ 2 I 6 . Principles of Operation. —Figure 322 shows a conductor a 
under an iV^-pole and carrying a current flowing toward the observer. 
By the well-known law of motor action a torque develops, tending to 
dri ve ^e cp oflootor from Ipft to right. If the current be alternatin |g. 
it win rey ers^its d irect io n for the next half-cycle and the torque then 
ac ts fro m right tuJbft, _ Therefore, the net torque over any given 
number of complete cycle s is zero , and no coo t.iTiqopsTnntmn pan rpgnU 
TKis Ts"flT^^Q nditi()nj^^^ in a T synch r onous motor wrhen at .fi t.fl.nd ~ 
still. the armature coo floetorH alternating, and the 

pbles^T^ e fixed p ol arity, bein g excited ^yith direct current . ^Them=^ 
fo r^ ng sngb no starting torque. 

If, however, conductor a in some manner can be brought under the 
next pole, which is an <S-pole, for the half-cycle during w hich the cur¬ 
rent is in the reverse direction, the resulting torque will still be fr%n 
left to right and a tendency tow^ard continuous motion wdll result. 
Therefore, in a synchronous motor, a given conductor must move 
from 1 pole to the next in each half-cycle if the motor is to operate 
continuously. This applies to the rotating-armature type of machine. 
If the motor is of the rotating-field type, any given conductor must be 
passed by 1 pole every half-cycle. 
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Also consider Fig. 329(a) and (6) (p. 396), which shows a 4-poIe 
rotating magnetic field produced by polyphase currents in the stator. 
This field rotates at synchronous speed. The S-poles of the rotor will 
lock in with the iV’-poles of the stator, and the N-poles of the rotor will 
lock in with the S-poles of the stator. Therefore the rotor must rotate 
at synchronous speed with the stator field. Hence, the synchronous 
motor must operate at constant speed, if the frequency is constant. 
There may be small momentary fluctuations of speed; but if the 
average speed differs by even a small amount from the synchronous 
value, the average torque will become zero almost immediately and the 
motor will come to a standstill. The relation of speed, number of 
poles, and frequency is the same as for the alternator and for the rotat¬ 
ing field of the induction motor. That is, the speed S = 120//P rpm. 



Fig. 322.—Torque developed by synchionoiis motor. 

where / is the frequency and P the number of poles (see Secs. 3 and 
184, pp. 6 and 313). 

Example .—A 500-kva 2,300-volt 10-polo hynohropoiis motor operates on a 
60-cycle 3-phase system. What is its spe(‘d? 

„ 120 60 . 

S = —— = 720 rpm. Ans, 


Vwo-syeed Synchronous Moto rs ,—^As with the indiuition motor, the 
stator windings of synchronous n^ors may be connected so that the 
number of poles is halved, doubling the speed. Usually the conse¬ 
quent-pole method, Fig. 290 (p. 349), is used. Simultaneously, the 
field poles must be reconnected so that an adjacent pair will be A-poles 
ant^he next adjacent pair S-poles. 

Effect of Loading Synchronous Motor. —If a load be applied 
to a direct-current shunt motor, the speed is decreased slightly. 
This reduces the magnitude of the counter cmf —E, The line must 
supply a voltage +Ej equal and opposite to the counter emf —E and, 
in addition, must supply the voltage to overcome the IRardrop in the 
armature. That is. 


F = P + /Pa, 


( 202 ) 


where V is the fixed terminal voltage, I the armature current, and Ra 
the armature resistance. 
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The current 


V + (-E) ^ V -E 
Ra Ra 


(203) 


where E is the component of terminal voltage that balances the counter 
emf. When E decreases, the armature current I increases. This 




Fia. 323.—Effect of load on phase of inducted emf in synchronous motor. 


increased current supplies the extra torque and power required by the 
increased load. 

When load is applied to a synchronous motor, its average s^ed 
cannot decrease, since the motor must operate at constant speed. 
Hence^ it cannot cause the necessary increase in armature currentJn 
the same manner that the shunt motor does, that is, by operating at 
decreased speed. Figure 323(a) shows two poles N and aS^ of a rotating- 
field type of synchronous motor. Neglecting any flux distortion, the 
emf induced in ^,onductor a is a maximum when conductor a is opposite 
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the center of a pole. It is zero when the pole reaches such a position 
that conductor a lies midway between the poles. The value of this 
emf e for any position of the pole axis YY is shown by curve e, YY being 
the pole axis for the pole shown in solid lines. 

Assume that a load now is applied to the motor shaft. This must 
result in momentary slowing down of the rotor, since it requires time 
for a motor to adjust itself to a change in load conditions.'-Tlie rotor, 
therefore, instead^ being in the position shown by the solid lines in 
Fig. 323(a)j,^jjiJi^ccupy a given position in space at a later time on 
account of the effect of the load torque. The relations under this 
condition are shown by the dotted lines. Because of the application 
of load, the pole center is now at F'F' instead of being at FF. There¬ 
fore, the induced emf will not reach its maximum value at the same 
instant that it would have reached it had no load been applied. Jim 
^maYim um value now occurs later in time, due t o thajili ght backward 

^angular displa c ement o f^ttm yotg r_This is shown by a new curve of 

induced emf e', lagging e by an angle a, where e is the emf that would 
have b^n induced had no load been applied to the rotor shaft. 

is further illustrated by the use of vectors. 
motor is running without load, jui d that the ciirrent-ia .so styuiM f}m.t 
the counter emt 32 3(6), is s ensibly equal tsi the terminRi 

voltage anTTs'TS’CP out of phase^v^h F. _ is the component of 
'Ihe tmnmaTvoiragi^^ to balance the counter emf —Ea.) The 

vector sum of V and —Ea is zero, practically. 

. Now apply loa^d . The terminal voltage V is assumed to be con¬ 
stant and so is not affected by the load. The induced, or c ounter, emf 
w ill be shifted ba ckw ard by an angle a bjecause of the backward 
fir ^Iar^dispiacen ^i^of the rotor caii seJ ISy th p Ioa 3^,2Xg "ffl1g;^riew 
value of countefemf be — , and let tHe component of terminal volt¬ 

age necessary to balance it be jE'. The vector sum of V and — J?' is 
no longer zero. A ve ctor diJJ^mce exists^ th^efore, between V and 
In the direct-current motor, the armature current is given by^ 
dividing the armature resistance into the sum of the terminal voltage 
and the counter emf —Eaj the counter emf being in opposition to th(‘ 
terminal voltage. Also, the armature current is given by the differ¬ 
ence between the terminal voltage and that component of the terminal 
volt^e E that balances the counter emf —Ea [see (203)]. 

'Hfn the synchronous motor, the armature current is given by divid¬ 
ing the armature impedance into the vector sum of the terminal volt- 


^ In this discussion, Z is the actual impedance of the armature and is equal to 
the vector sum of the effective resistance and the leakage reactance. The use of 
synchronous reactance and impedance comes later. 




THE SYNCHRONOUS MOTOR 389 


age and the counter emf —Ea, or the vector difference between ihe 
terminal voltage V and the emf i?'. That is, 


r - -r- - r 


(204) 


where Eq is either the vector sum of V and vector dif¬ 

ference of V and jB'. 

Therefore, 

(205) 


Equation (204) for the armature c.urrent in the synchronous motor 
is similar to the equation for the ai mature current in the direct- 
current motor (see Vol. I, Chap. XIII). [Also compare with Sec. 
144 and Eq. (158), p. 237.] 

As a rule, the reactance of the armature of a synchronous machine 
is high as compared with its resistance, and the current I lags the volt¬ 
age Eo that produces it by nearly 90°, Fig. 323(6). This brings the 
current I more or less in phase with Ea and not differing greatly from 
180° from the counter emf —Ea- Therefore, I is largely energy 
current with respect to — E', wliich means th^ iTsup^ies considerable 
internal pow er to The "m olci! ^ ' " 

The rotor, by shifting its phase backward when load is avplied, causes 
the m otor to take an energy current from t he line that suvvhes the power 
demande d b y the increased load. 

The total power supplied to the motor per phase is 

P = 7Z cos e. (206) 

The total mechanical power developed is 

P' = E;/ cos (0 + a). (207) 


The net power at the pulley is less than 1 ' by the amount of the 
frictional losses and the rotational coie losses. 

diff erence between P a nd P' is the armatuie copper los s. 
iTshould be remembered that with constant frequency the average 
motor speed remains constant. The rotor merely takes an angular \ 
position slightly back of its no-load position, without altering Uts 
average speed. This angular displacement of the rotor may be 
observed by means of a stroboscope (see p. 356). 


Also, from F'lg 329(6), thr rotor poles may be considered as being lock^ to 
the stator poles by the magnetic lines. These lines act as an elastic coupling kud, 
when torque is applied to the rotor, stretch, permitting the rotor to shift its angular 
position by a small angle backward with respect to the stator poles. 
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A16. Effect of Increasing Field Excitation.—Whpin tha fiald nf n 
'tBrect-current shunt motor is strengthened, there is a 




increase in the armature induced emf. This decreases th 


current, and the torque is_lQwered. smce the change in armature cur¬ 


rent is much greater than the corresponding change m the field . As a 


result, the motor slows dowiT afici its Induced, or counter, emf accord¬ 
ingly decreases. The armature current then increases until it is again 
of sufficient magnitude to enable the motor to carry the load. 

When the field of a synchro nous motor is, incre f^s^d ^ thp> pnlQr 
^annot slow dow ^^ept Thonientarily, for it must run at conse nt 
ayerage sp eed y Since its speed is cons tant, its counter emf mu^ 
\ vhen the field is strengthened . It lm^t 
motor wonld st^ , must become greater than its 

terminal voltaee.'^'^Tn the direct-current motor, an induced emf exceed- 


Fiq. 324.—Vector diagi’ams for overexcited synchronous motor, counter emf greater 

than terminal voltage. 

Ji^ th^ t.Ai!Bftiftal.3zi:iltage w ould mean generator ac tion, with the result 
hin a^would cease to operate a s a motor.^ 
he synchronous motor, however, mav operate as a motor when its 


counter emf does exceed its terminal voltage in ma 


these conditions, the motor is said to be overexcited. Twa^eactions 


that, ^nnblp the motor to Operate wi 


Consider the vector diagram, Fig. 324(a), in which V is the terminal 
voltage and —Ea is the counter emf. As in Fig. 323(6) the vector 
sum of V and —-Ea is Eq. In accordance with Eq. (204), Eq must be 
the resultant voltage that produces the armature current I. Since 
the armature is highly inductive, the current I will lag Eq by where 
tan ^ = X/R. However, as seen in Fig. 324((i), the current I leads 
the terminal voltage V by 6^. From Eq. (204), 

.Fa = F - I?I (208) 


which corresponds to the equation E = V — laRa for the d-c motor. 
Equation (208) is illustrated in Fig. 324(6). The current I leads F by 
$ as in (a). The IR drop is in phase with the current, and the IX drop 
leads the current by 90®. The impedance drop IZ is the vector sum 
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of IR and IX. The emf Ea, necessary to balance the counter emf, 
found by subtracting IZ vectorially from F, just as in the shunt motor 
the component of terminal voltage necessary to balance the counter 
emf is found by subtracting the IR drop from thet^janinal voltage. i 

To subtract IZ from F, is added to F. It will be noted that 
the emf Eg is numerically greater than the terminal voltage F. That 
by to Eng a leading currgxtj the sy nchr ono us motor is able to operat e 
with an induced emf gre ater th an th e terminal voltage. This is 
analogous to the alternator delivering leading current with its induced 
emf less than its terminal voltage. In each case, the flow of power is 
toward the higher voltage. 

Also, with a leading current, armature reaction .weakens the 
impressed field, which tends to (jounteract the increase in excitation, 
'llus IS illustrated in Fig. 325, in which an armature coil is shown as 
moving with the armature from left to right. When the coil axis is in 
the position F, shown dotted, the coil sides are under the centers of 



Fig. 325.—Demagnetizing efTeot of loading cMirrent on field of synchronous moton 

the poles and the induced emt is a maximum. As the terminal voltage 
is substantially 180° from the induced emf, it also will be a maximum 
practically at this instant, its direction being indicated in the dotted 
coil. If the current leads this terminal voltage by 90°, it will reach its 
maximum value one-fourth cycle ahead of the voltage, or at a time 
when the axis of the coil is in position X. Note that for this position 
of the coil axis the^mpg^^PUrns of the coil act in direct opposition to 
those of the thtt.QiTpprt of the leading current in 

the synchronous motor is to weaken the field. In other words, the 
armature reaction is such that on overexcitation it opposes the effect of the 
increased field current, 

rSius Ihe synchronous motor adjusts itself to overexcitation |>y 
taking a leading current, which causes the impedance drop to have 
such a dire(;tion that the induced emf can exceed in magnitude the 
terminal voltage, and also reacts on the field to oppose the increase id 
excitation. 

219. Effect of Decreasing the Field Excitation.—^When the field of 
a direct-current shunt motor is weakened, the motor speeds up until 
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its counter emf reaches a value that gives the correct value of armature 
current for the particular load condition. 

When the field of a synchronous motor is weakened^ it cannot speed 
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^^fs^ea kened, the motor takes a laaaina current which strengthens the 
Afield by armature reaction a nd thus opposes the effect of the decreased 
Tie M current. _ 

the motor adju sts itself t o underexcitation by taking a 
lagging^ current, which causes tne impeaance drop to have such a 
direction that tne induced emf (jan be much less in magnitude than the 
terminal voltage, and also reacts on the field to oppose the decrease in 


excitation. 

In Figs. 325 and 327, the armature rotates, and the field structure is 
stationary. As has been shown, the relative effects are the same when 
the armature is stationary and the field structure rotates. Also, in 
P'igs. 325 and 327, the effects of single-phase armature reaction are 
shown, just as in Figs. 172 and 174 (pp. 190 and 191) for the alternator. 
The armature reaction under these conditions will be pulsating, but 
as in the alternator (p. 194) with balanced polyphase currents the 



Fio. 327.—Magnetizing effect of lagging current on field of synchronous motor. 

armature reaction will be steady and will weaken and strengthen the 
field in the manner shown in Figs. 325 and 327 for single-phase. As a 
matter of fact, the armature reaction in a synchronous motor is^e 
rotating field produced by the polyphase armature currents. ^ Ttalso 
follo w s that , when t he current is i n phas e with t he excitation voltage. 
a rmatdre reaction exists merely as a cross-magnetizing effect. 

raO Motor andTAlternator.—In Secs. 218 and 219 it is shoW that 
, syn chronous motor a lead ing current wea kens the field and a 
lagging current strengthens flie tield, which is opposite to the effects 
occurring in an al^rnator. That is, in an alternator, a leading current 
strengthens the field, ancf a lagging current weakens tne Held (pp. 

189-192). - , 

This seemingly contradictory effect of leading and lagging curreAs 
in synchronous motors and alternators is explained by the fact that a 
leading current in a motor corresponds to a lagpng current in a gen¬ 
erator and a l aggin g current in a motor corresponds to a leading cur¬ 
rent i n a gene rator, (.jonsider is the generator 

^rminal volta^ The emf —Ea induced in the armature is Yg -f- 
(also see Fig. 198, p. 222). (In the motor the induced emf has been 
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designated as —Ea-) The current I lags the induced emf —Ea by 90°. 
As in Fig. 323(6), the component of the impressed motor terminal volt- 
age, which balances the induced, or counter, emf —is +-E^a* Th(* 
motor terminal voltage, Fm = -Fa + 1?, Thus, the motor terminal 
voltage Vm and the generator terminal voltage Vy are practically in 
phase opposition. The current I now leads Ea by 90°; and since 
and Ea are substantially in phase, the current I leads Vm by almost 90°. 

Thus it follows that a leading current in a motor corresponds to a 
lagging current in a generator. It can be similarly shown that a 
lagging current in a motor corresponds to a leading current in a generator. 
Since in a generator a lagging current weakens the field, a leading cur¬ 
rent in a motor must weaken the field. In a generator a leading current 
strengthens the field, so that a lagging cnirrent in a motor strengthens 
the field. 


J (Laers Induced Emf and Leads 
Motor Terminal Voltage) 



Vo (Generator Terminal Voltage) 


Vm (Motor Terminal Voltage) 

IZ 




Fig. 328.—Current lagt. for generator and leads for motor. 

/^21. Excitation in Constant-potential System.—From the rela¬ 
tions existing between the excitations and leading and lagging currents 
ill s ynchronous alternators and motors it is possible to shovy that, in a 
constant-potential system aiTTOxiSiant load, the total excitation in the 
s ystem, th at; is, the sum of the d-c and the a-c excitation, tends tq 
remain cou^tant. Also, the total excitation supplied to the system 
tends to remain constapt . 

Consider first the synchronous motor. When operating at any 
given voltage, it recpiires a certain excitation. If its field is weakened, 
Its excitation becomes inadequate. This deficit is, in part, made up 
by the motor^s taking a lagging current from the line. A lagging cur¬ 
rent is ordinarily associated with inductance and, therefore, with the 
excitation of a magnetic field. When the motor takes a lagging cur¬ 
rent, some of its excitation, therefore, is obtained from the alternating- 
current line. In this respect, it is similar to an induction motor, except 
that the induction motor takes all its excitation from the alternating- 
current line. In fact, if the entire direct-current excitation be removed 
from a salient-pole synchronous motor, it will still continue to operate 
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if the load is not too great (Sec. 222). Its entire excitation then will 
be supplied by the lagging current that it takes from the line. Its 
power factor, however, will be very low. The lagging current required 
“by The synckronoiTs motor to help excitT its field weakens the field of 
the alternators supplying it, and, as a result, their field excitation must 
be increased to maintain the line voltage constant. When, therefore, 
the field excitation of a synchronous motor is reduced, it is necessary 
to increase the field excitation of the alternatois supplying the system, 
so that the total excitation to the system tends to remain constant. 

On the other hand, when a synchronous motor is overexcited, it 
has a surplus of excitation. It takes a leading current. As a leading 
current will neutralize a portion of the lagging current of inductive 
apparatus (sec Sec. 230, p. 409) connected to the system or else will 
strengthen the fields of the generators supplying the system, the syn¬ 
chronous motor under these conditions indirectly supplies excitation to 
other parts of the system. In any event, the terminal voltage of the 
alternators will rise and their field excitation must be reduced in order 
to m^tain the voltage of the system constant. 

when a surplus of excitation is fed into a constant-potential 
constant-load syste m, as bv increasing the field current of a synchro ¬ 
nous m otor^ this surplus is tran sferred to other parts of the system by 
njeaiiroTthe leading curre nt taken bv the synchronous motor. On 
the other hand^ when a deficien cy of excitation occurs at a point in a 
constan^p otential systeny. as. by decreasin g the field current of a 
syncEronmis nmtqr, excitation is transferred to this point from other 
part': of tHeTystem by means of la gging current . 

nterrocking“XcSbn oFSSient Poles. —The fact that a syn¬ 
chronous motor with salient poles usually will operate, even if the field 
current is reduced to zero, is explained as follows: The alternating cur¬ 
rent in the stator winding will produce a rotating field, just as in the 
induction motor. Figure 329(a) shows such a rotating field for a 
4-pole machine without a rotor. At the particular instant showm, 
there are two A-poles vertically opposite and two £^-poles horizontally 
opposite. Assume for the moment that the 4 poles are stationary ^ 
in space. If a 4-pole salient-pole rotor without excitation be pla»ced * 
in this field, the magnetic flux from the stator will attempt to m^e 
tEe^to r take such a position that the magnetic reluctance is a mini- - 
mum or the flux Is a maximum" In order to accomplish this result, 
the pole pieces of the rotor become locked in with the poles pro¬ 
duced by the stator winding, as shown in Fig. 329(6). If now the 
stator poles are rotating at synchronous speed and the salient field 
poles are rotating at or near this speed, they will lock in with the stator 
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poles as at standstill and the rotating stator poles pull the salient poles 
of the rotor around with them and in this manner enable the motor to 
carry a small load without direct-current excitation. Although th e 
motor may carry a small load without anv direct-current excitation, its 
pnwftr fa.ot.nr w ill be very low and the curr ent jyill be lagging, which jg 
unde sirable.*'^ t is to be notecTfhat, in the nbapnnn of Hirpnt-pnrrent,. 
excitation, the motor takes its enllru UXiSltallonfrom t he alternating - 




FlO. 329.—Interlocking action of salient poles with rotating magnetic field. 


current lines in the same manner a s an induction motor, as airco fiv 
been described. That is, sufhciSit e xcitation is not supplied by the 
direct currentTn the field winding, the motor w ill t ake lagging exciting 
current from the alternating-curr ent line to make up the defici t. 

The power factor of the simj^elriduction motor for a giwn load 
cannot be altered without changing the motor design, and the ordinary 
induction motor always takes a lagging current. The power factor of 
the synchronous motor can be altered at will, and the current can be 
changed from lagging to leading by simply changing the field excitation. 

There are, however, frac¬ 
tional-horsepower motors, usu¬ 
ally single-phase, and timing 
motors such as clock motors (p. 
421), which operate without d-c 
excitation. In such motors, the 
low power factor has little effect 
on a power system and is far 
outweighed by the increased sim¬ 
plicity bf operation. 

Fig. 330.—Synchronous-motor vector dia- i 223. Synchronous‘-Hiotor 
gram, leading current. Vector Diagram.— The solutions 

of the vector diagrams given in Figs. 324(6) and 320(6) are accom¬ 
plished in much the same manner as the solutions of the alternator 
vector diagrams (pp. 199-211). The trigoHometric solution is obtained 
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by projecting the component emf Eay which balances the induced ennf 
— Eat current vector, thus forming a right triangle with Ea as 

the hypotenuse. 

Leading Current, —Figure 330 corresponds to Fig. 324(6) in which 
the motor current is leading. To solve the diagram trigonometrically, 
the emf vector Ea, or Od, and IR are both projected on the current 
vector, giving Ob and 6a. This gives a right triangle 06d, of which 
Ea is the hypotenuse. Then 

Ea = V{v COS e - my + (y"sin e + ixy. (209) 

Also, Ea may be determined by complex notation. That is, 

Ea=Y-IZ 

— V — /(cos 6 + j sin e)(R + jX). (210) 

Example. —A lOO-hp 600-volt 1,200-rpm 3-phase Y-connected synchronous 
luolui has an armature rc‘sistance of 0.052 ohm per phase and a leakage reactance 
of 0. t‘2 oliTU p('r j)hase. At rated load and O.S power factor, leading current, 
determine {a) induced armature emf per phase Ea at rated load; (6) angle a between 
current and Ea] (c) mechanical power developed within armature at rated load. 
Under the foregoing conditions, the motor has a rated-load efficiency, excluding 
field loss, of 0.92. 

(a) Motor input = = 81,100 watts. 

r. . r 81,100 

C urrent / — = 97.6 ami). 

V3 • 600 • 0.80 

Voltage per phase = = 346 volts. 

V3 


Using Kq. (209). 

Ka = \/l(^6“0.80) - (97.6 • 0.052)I*-* + [(346 • 0.60) -f (97.6 • 0.42)i2 
= 368.3 volts. An*'. 


(h) A study of Fig. 330 shows that 


tan a = 777 = 


M 
Ob 
a = 42.5" 


V sin 6 -+■ IX 

V cos d — Hi 
Arts. 


248.6 

271.7 


0.915. 


Using Eq. (210), 

= 346 - 97.6(0.80 +/0.60)(0.052 + jO.42) 

= 346 “ (-20.5 + /35.9) = 366.5 - y35.9. 

\Ea\ = \/(366.5)2 + (35.9)2 = 368.3 volts. Ans. (check). 


(c) The mechanical power developed is equal to the product of the induced 
3mf, the current, and the cosine of the angle between them. 




3 • 368.3 • 97.6 • cos 42.5® * 79,600 watts. Ana. 
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This power Pm is also equal to the power input minus the armature resistance 
loss. 


= 81,100 - 3 • 97.6* • 0.052 = 79,600 watts (check). 



Kia. 331.—S.\ nrhionoiis-iriotor vec¬ 
tor dia^atn, laegiiifc current. 


The power developed at the pulley 
is less than Pm by the rotational losses, 
namely, friction, windage, and rota¬ 
tional core losses. 

Lagging Current —In Fig. 331, 
which corresponds to Fig. 326(6), Ea 
and IP are projected on the current 
vector. Then 


Ea = \/(F cos e - IRY + (F sin d - 1X~)\ (211) 

The solution by complex notation is 

Ea^Y- JZ 

= F — /(cos S — j sin B){P + jX). (212) 


Example .—Repeat the foregoing example, but with lagging current. 

(a) Using Eq. (211), 

Ea = VTr 346 • 6780 ) - ( 07.0 + 1 ( 34(3 • 0 .t>oy^( 07 drb. 4:^2 

= 319 volts. Ari^. 


Using Eq. (212), 

Ea == 340 - 97.6(0.80 - j0.60) (0.052 -fyo.42) 

= 3to - (^.7jf j29.8) = 317.3 -^29.8. 

\Ea\ = \/(317.3)2 + (29.8)2 = 319 volts {check). Ans. 


(b) tiin a, I'lg. 331 = 77 . = 


_ 1^).6 __ PI ^10 

Feos e - IH~ 271.7 


ic) 


M _ F sin B — JX 
Oh 

« = 31.5°. 
l*m =3 319 


A ?is. 

97 O' 


cos 31.5° = 79,000 watts. Aris, 


(This is the same value as before, which it should b(‘.) 


These values of Ea are the induced emfs in the armature.and cor¬ 
respond to Eay Figs. 182 and 188 (pp. 203 and 209). Since X is the 
armature leakage reactance, the values of Ea are the actual emfs 
induced in the armature under the given conditions of load. If the 
motor were disconnected from the line but driven mechanically, with 
the frequency and excitation unchanged, the emf at the terminals would 
be the no-load, or excitation, emf E (see p. 209). The excitation emf 
may be computed by using in the foregoing equations the synchronous 
reactance rather than the leakage reactance X. 
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As! 4. Synchronous-motor V-curves. —If the power P deliv^ered^ to 
/ 2/^vyhaBe synchronous motor be kept constant and the field c urren t 
JTvaried, the power factor of the motor will cl^nge. The po wer for 
a 3-phase motor is 

P = FI cos e, (213) 

where V is the terminal voltage, I the line current, and cos 6 the 
power factor of the motor. As both P and V are constant, any 
Hpcrease in the powe r factor cos 6 must be accompanied b y a corre^ 
s pending increase m the current I . Jlikewise, any Increase in the power 
factor must be accompanied by a deciease in the current I. 

Thf^rpfor ^ Q in f.ViP fiplrl current, at c onstan t loa d^ changej^ 

the line^ or armature, current I In order to determine the relation 



Fic,. 332. ~ Coniiortions foi obtaining ^-(Ul\e^ of sj rirhionous motor. 


between the field current and the armature current and also the 
characteristics of a synchronous motor as regards its ability to correct 
the power factor of a system, the so-called V-curves of the motor are 
obtained. The Y-curves - sh ow th^lt oyist.s bptweop 

armature current and the field current for diffe rent constant power 
InpiitsI ^Several curveiTare usually o'btalhcd, each curve representing 
a constant value of power input. 

The connections for making such a test are shown in Fig. 33te. 

The field current is varied by means of the field rheostat. For 
each value of field current, as read on the direct-current ammeter, the 
corresponding value of the alternating line current is noted. The 
electrical power delivered to the motor is kept constant by adjusting 
the load applied to the motor shaft. A polyphase wattmeter is desir¬ 
able for this experiment, as it eliminates the adding or subtracting of 
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individual instrument readings, which is necessary when two single 
wattmeters are used. 

Figure 333 shows a set of V-curves for a 150 hp 550-volt 60-cyclo 
synchronous motor. Curve AB is taken for one-fourth rated load, 
curve CD for one-half rated load, and curve EF for rated load. The 
value of power input Pi for curve AB is 30.5 kw, that for curve CD is 
Fa = 61 kw, and that for curve EF is Fs = 122 kw. WithJow values 



of fiel d current for curve AB, for example, th e armature curren t is^ 
large ju pH is As the field cuirent is increased, the pojaLer 

factor incre ases, and^toFOTlSalure r^rre nt^^'r^ until it reaches ii^t 
mininium value h. If the field current b e still further incre ase<l, th e 
armature curre nt begins to in crease and becomes leading. In other 
wor3s7 theTnotor p arses tvom imd erexciiaRon io over ex cifalion wheTT lTur 
fieldTcurfentl^n^eased from a low to a high value. 

The current Ii is the value ot^ e current at unity power factor. 
ThiTis illustrated in Fig. 334. t^eTEe ^aTTiTTrit 

some power factor cos 02 - The pow er (for one phase) is 


Fi = V'h cos 02 , 
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where F' is the phase voltage; but 

1 2 cos 62 = h (214) 

for all values of 62 . 

In other words, for constant power Pi, 7i is always the energy 
component of the current regardless of the power factor. Thterefore, 
the current vector will always terminate on the line XX 1 perpendicular 
to y'. The current is a minimum at Ji, where the current is in phase 
w ith V\ The power factor is then unity. The excitation correspond ¬ 
in g to the armature current Ji is called the nor mal excit ation. 
motor for any g iven load. J'or an excita¬ 
tion less than the normal value, the motor 
takes a lagging current and is said to be 
imdcrexcitcd; for values of the excitation 
greater than the normal value, the motor 
takes a leading current and is said to be 
overexcHed, 

aid of the V«curves^ the jpower^ 
fact of foTTihy “other value of lin e current 
and^given input may be ob tained^ For 
exafnpTe, assume that it is desired to ob¬ 
tain the power factor for some value of 
leading current 1 2 , Fig. 333. From Fig. 

331, the power factor cos 62 = 

Therefore the power factor for any current 
7 may be found by dividing the current I 
into the minimum or normal value of the line, or armature, current Ii 
for the given input Pi. The power represented by curve AB is 

Pi = V3 Vh, 

for a 3-phase motor having a line voltage V. 

For example, the current 7i = 32 amp. Hence 

P, = Vs • 550 • 32 = 30.5 kw. 

A curve such as XZ drawn through the lowest points of the V- 
curves is a unity-power-factor curve. Curves XX and XY, draW 
through the V-curves at the proper points, are 0.8-power-factor curves, 
XX being for lagging current and XY for leading current. Curves 
for other power factors may also be found in a similar manner. These 
curves are called compounding curves. ^ 

be noted fhafihe nor mal field current varies with the 
valu^f p6W6t* input to the motoE ”” ' ^ 



showini; cuiient variation in 
feynehronous motor with con- 
fetaiit power input. 
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/226. Synchronous-motor Excitation Diagram.— Consider Fig. 335(o). The 

soirotor is taking a lagging current 1 from the line, the line vo tago 
Since the current vector 1 is to remain fixed, its position is ta 'en a ong c -axis 
and the voltage Fd) is shown leading I by the angle 6 . The resistane^ 
chronous reactance drops in the armature, IR and IXs, are equal to a an a , 
and the resulting synchronous-impedance drop is given by Od. Since the syn¬ 
chronous-impedance drop is equal to the vector sum of V i and Ai, the counter emf 
of the motor Ei is equal to dh. Its true vector position is found by completing th(» 
parallelogram; this is readily done by swinging arcs dk and Ok. Ei makes an 
angle 62 with I reversed (cf. Fig. 335 with Fig. 323(5) (p. 387)). 

The power input to the motor is Fo)/ cos 6 and is given by area Ohce divided 
by X,, since area Ohce = Fu) cos 0 • The area Oadc then must be propor¬ 

tional to the l^R-loss in tlu' motor. The mechanical power developed in the motor 
is proportional to the difference of these areas, or to area abed. Also, the mechani¬ 
cal power devclop(‘d is equal to Eil cos Oz and is proportional to area Ovfg ~ abed. 
In each case the power (per phase) is found by dividing the area to scale by X^. 




Fig. 335.—(a) Synelnonous-motor excitation diagram; ( 1 >) corresponding V-curve. 

There is, however, another condition of operation that will fulfill the foregoing 
conditions of power, F and 7i\. The curient I may lead rather than lag. How¬ 
ever, the current vector remahis fixed in position so that the voltage vector F 
must take a new position, 0 ° in a clockwise direction from I. Its position is shown 
with a dashed line at F( 2 ). The corresponding value of counter emf must be equal 
to dh'y and its vector position is found by completing the parallelogram and is 
shown at E 2 . In each case the impedance drop IZ„ is equal to the vector sum of 
the terminal voltage F(o or F( 2 r and the counter emf or Obviously, the 
power relations remain unchanged (cf. examples on pp. 397 and 398). ^ With 
leadi ng current the value of the cq mit er emf is muck irreater.Hun with, laggin g 
current (cf. Fig. 324, p. 390, and Fig. 320, p. 392). 

if tffe saturation curve for the machine is available, it becomes possible to plot 
the V-curves by the use of the diagram, Fig. 335(a). For example, since Ei and E 2 
correspond to the same value of power, they correspond to points on the same 
V-curve. Their corresponding values of field current, Fi and F 2 , can be obtained 
from the saturation curve, and in Fig. 335(6) they are plotted as abscissas to 
correspond with the value of I as given in Fig. 335(a). 

To obtain another set of points on the same V-curve, make the area Oe'c'6' 
(shown dotted) equal to area Oeeb. Hence, the power input remains unchanged. 
F(i) is then swung clockwise to position F', where it intersects line cV. The 
synchronous impedance drop Od is extended to intersect e'e' at d'. The new value 
of IXt is readily found by dropping a perpendicular from d' to line Ob. The new 
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value of current then is found by dividing this perpendicular by X,. The two 
new values of counter emf are found by completing the parallelogram of voltages 
as was done in finding Ei and E2. For example, d'h" gives one of the new /alues 
of El. The field currents corresponding to these new values of counter emf are 
found from the saturation curve as before. 





' : - .j 

(a) Polo with field and dainpei windings. 



(6) Simplex high-starting-torque svnehronous-motor rotor. 

Fia. 336^^Synehronoiis-Tiiotoi pole and lotor struetuics. (Westtnghouse Electric Coip ) 


0126. Amortisseur, or Damper, Windings.—In Fig. 336(a) is s>*own 
a synohroiious-motor field pole. It is to be noted that, in addititi to 
the usual spool winding, t here is a sho rt-ci rcuited grid of copper 
jr^pjt ed in slo t s in the pole faeel In the end strip^of the grid there are 
holes so that each may be boltecTto corresponding strips on adjacent 
poles. Thus a continuous squirrel-cage winding is formed about the 
field structure. In Fig. 336(b) is shown the rotating-field structure of 
aTiigh-torque Simplex synchronous motor of the Westinghouse Electric 
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Corporation. The salient field pol es are wound with the usual : iA)ul 
Avinding, the terminals of whiclTare brought oul to Uvu 6l LLt- five slij) 
rings. The pole faces arc slotted, and in this particular rotor a 3-phaso 
winding is placed in the pole-face slots. The terminals of this winding 
are connected to the other three slip rings, making it possible to insert 
external resistance and thus produce high starting torque, as with a 
wound-rotor induction motor (Sec. 191, p. 326). However, when the 
motor reaches synchronism, the external resistance is short-circuited, 
so that the winding is practically short-circuited. In each case, th e 
ghort,.r»irf^ ted winding is called an amortisseur windingj a damy er 
wi nding^ or sometimes iust a damver , 

V ^he purpose of the dampe r winding is to stabilize the operation of 

M lic moto r_ W he n 4he motor is running at umfornTspeed^this damper 

winding is linked by the steady flux due to the combined mmfs of 
the field poles and the arn^ture. Therefore it has no effect on the 
operation of the motor, 'however, the synchronous motor is very 
sensitive to change in phase (Sec. 217, p. 38()). A small angular shift 
of the rotor with respect to the rotating armature mmf produces large 
changes in the energy component of current. • System disturbances 
may cause the rotor to oscillate about its average position, and the 
resulting phase shift of the rotor produces pulsations in the power 
current, which in turn may increase the oscillations. This oscillation 
of the rotor about its average position is called hunting (see Sec. 147, 
p. 242). Wh(m reciprocating engines were used as prime movers for 
alternating-current power systems, their variable torque produced 
pulsations in the phase of the system emf, and hunting among altema- 
to^and synchronous motors was common and difficult to eliminate. 

~^The purpose of the damper winding is to oppose and damp these 
tendencies of the rotor to oscillate while rotating. 

The action of the damper winding involves theyprinciple of both 
the induction motor and the induction generator.\> ^o long a« mf^r 
is svnehr^T^""^ soeed. the rotating field of the armature or 




arma tu re i " ^^ - ^^ ^nchronously with the field, and there is 
no relativej njTlinn huff.worn tih e field flux and the dampers. A ssume 
that the r^r slows down momentarily. 1^'or an instant^ t^herota^ ing 
field due to tlie armature mmf is l otating more rapidly than the fi 

. This_is pqqjvRleni to t he rotor^s slip | fing temporarily^ 
and currents are induced in the dam 


action, and tne currents in the damper 


the rotor bacK toward svnchronis 


Again, if the field poles, for some reason, swing ahead of their normal 
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position, the dampers cut the rotating field in the opposite direction, 
or the slip becomes temporarily negative. Induction-generator antion 
follows, putting a load on the rotor and tending to slow it down. 
These dampers always tend to pull the motor into synchronism and 
thus prevent hunting. Such windings are often used on rnators, 
particularly of the engine-driven type. 

By proper design of th e damper winding, utilizing the principles 
e mployed in the induction motor (p. 328;, the starting torcjnes of 
s ynchronous motors may b e made compara ljle with and even greater~ 
th ^jjie fuli-load torque (see Sec. 228, p. 4077! ‘ 

/ Startini^the Synchronous‘Motor .—It has been shown that 
the synchronous motor as such is not self-starting. It must first be 
brought nearly or actually to synchronous sj)e(‘d before it can operate. 
There are several methods of accomplishing this. 

The direct-curi-ent exciter for the motor is frequently connecled 
directly to the motor shaft. If a direct-curi‘ent source of power is_ 
available, the exci ter may be ope^rated as a motor and thus bring the 
synchronous m otor up to speed. 'rhcTicIcrof the synclirbUOUs motor* 
is then excited and th e motor synchronized, just as w ith an alt ernator. 

Tf aiTe^IteF or sufficient direct-current powder is not available, a 
smallT hduc tion motor, geared or direct-connected to the synchronous!!!^ 
motor shaf t, may be use d for bringing it up to speed. If the induction 
motCir is direct-connected, its synchronous speed must have a higher 
value than that of the synchronous motor, in order to compensate for 
the slip of the starting motor. Such starting motors are often dis¬ 
connected mechanically after the synchronous motor has been con¬ 
nected to the liner-^^C ^e disad vantage of using an i nduction motor is 
t he additi onal motor, the gears where use d, etc. T his met hod of 
s tarting h as sIilSliP 4 ?e^edi. 

The synch ronous ^ mqtqt _(>/ten is_ use d to d rive a direct-current 
generato r, tf .miffipjpnt dirpr.t.-current pow( >r is available, the genera- _ 
tor may be used as a motor to bring the synchronous motor up to 
^eed. _Ttfter llie m otor i s sync hronize d, the field ofTFe difect-currenT 
machine strengthened ami i t then acts as a generator, tak ing 
m echanical p ower IFoni the sy nchrono uj ? motor. , 

^^^^Them^t common method is t o sta r t the synchronous motor a> an 
induction motoi^ ^Jirst!!^ tEe’!IleldV irc u^ is opened . A ^nolvpha^^ 
alternating voltage is the n i mpressed o n its stator, and a rotating field 
IS set up about the rotor. As a rule, it is desira b le to use a compen¬ 
sator or some other device for reducing the voltage applied to the 
stable r One method of reducing the starting current is to employ a 
double-circuit parallel winding. Fig. 337, the two windings being 
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arranged preferably in alternate slots. The reactance of a single 
winding is considerably greater than that of the two in parallel. 
Hence, if on starting only a single winding is energized, the starting 
current is materially reduced. Thus, in Fig. 337, the neutral con¬ 
tactor is open on starting. As the rotor approaches synchronism this 
contactor is closed, connecting the two windings in parallel for normal 
operation. 

The rota ting field produced by the pol vT3hase stator current s 
j nduces c nin^nts in the*"^^ of the^FoT c)?- and in the amortissqu r 

winding Thi^ nhvion«iy nr nffifm The 

paths of the polc-face currents hav(‘ considerable inductance, as also 

does the common type of damper 
suwrWm^ng, *^ 60 . 187, p. 319), and only a 

^ i comparatively weak starting torque 

rJ - can be obtained. On starting, the 

Circuit Breaker Totor cuiTcnts ma\ bc lai'gc, and 
or Contactor rotor frequoiicy is that of the 

stator. The rotor reactance, Inch 
is proportional to the rotor induct¬ 
ance and to the frequency, is large. 
This causes the rotor currents to 
lag the induced cmfs })y a consider¬ 
able angle, and, hence, the rotor cur¬ 
rents make considerable space angle with the fiuK (see Fig. 270, p. 
317). Therefore, the motor develops little torque, oven A\ith consid¬ 
erable line current. The motor under these conditions is very similar 
to the squirrel-cage induction motor, which has a small starting torque. 

The starting torque, though small,^ is usually sufficient to start 
the machine, which then accelerates until it is at or near synchronism. 
Before the compensator is thrown into th(' running position, the field 
switch is usually closed so as to minimize disturbances to the system. 
If the rotor is slipping slightly, it mil usually pull into synchronism 
whem the field switch is closed, the field poles locking in with the poles 
produced by the armature mmf (Fig. 329, p. 390). 

The motor may pull into synchronism before the field circuit is 
closed. Owing to hysteresis, tlie flux (sc^e Fig. 329) sweeping by the 
salient poles shows less and loss tendency to leave them as the rotor 
approaches synchronism. That is, the flux tends to persist in the poles 
after the magnetizing force is decreased. This action may bo strong 
enough to pull the rotor into synchronism before the field circuit is 
closed. 

1 High-torque synchronous motors are described in Sec. 228. 


2 Pole 

Circuit Breaker 
or Contactor 

Fig. 337.—Douhle-ououit paitillcl-whid¬ 
ing h^iK hionous niotoi. 
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When the field circuit is closed, it may excite the motor polcc- so 
that their polarity is opposite to that produced by the revolving 
field, that is, by the armature reaction. Fig. 329. The rotor is then 
thrown back one pole; in other words, it slips a pole. This may 
cause considerable disturbance to the system, and for thif reason the 
field is usually closed when the compensator is in the starting position. 
This difficulty may be avoided by applying a weak direct-current field 
to the motor as it approaches synchronism. This causes the armature 
reaction to act in conjunction with the direct-current field windings, 
and the poles then come into synchronism with the same polarity as 
will be produced by the direct-current excitation. After the motor 
has pulled into synchronism, it is necessary merely to strengthen the 
direct-current field to the desired value. The starting compensator 
then may be thi ‘)vn quickly into the running position. 

When voltage is first applied to the syiudironous motor, there 
may be a very high voltage induced in the field winding. The stator 
acts as the primary of a transformer, the primary having (*omparatively 
few turns. The flux produced by the stator, or primary, cuts the field 
winding at synchronous speed, and as the field has a very large num¬ 
ber of turns a very high emf is induced in the field. This emf may be 
sufficiently high to puncture the field winding. Therefore the field 
winding should be insulated for voltages considerably in excess of that 
which normal operation requires. The field is sometimes short- 
circuited or is shunted by a resistance when starting, in order to 
decrease this high voltage. The induced emf in the field decreases as 
the rotor comt'S up to speed until at synchronism it becomes zero. 

In the Simplex rotor, Fig. 330, on starting, the field is sectionalized, 
a switch dividing the field into a number of serievs sections, Fig. 3(59 
(p. 448). As the rotor comes up to speed, centrifugal action closes 
the switch connecting all sections in seiies. 

It would seem that if the field winding were short-circuited it 
would act as a rotor winding and add to the starting torque. However, 
the field circuit has a high ratio of reactance to resistance, and also it 
constitutes a single-phase winding. Both these effects prevent its 
being at all effective until a speed well above half synchronous speed is 
reached. 


STARTING SYNCHRONOUS MOTOR UNDER LOAD 

1-starting-torque Motors. —^Like the squirrel-cage induc- 
"'lion^otor, the conventional synchronous motor wit 




ampers nas a compara 
discussed in Sec. 227. However, since during the starting period the 
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operation of the synchronous motor is the same as that of the indue- 
tion motor, its so rting torque ^ same m gjingr 

as forthp’m^^ i^Son n^ hy increas i ng the .^ r e «JSt . am , * >a~XL f 

thft rotor winrJin p ^. Morp oveTj since with the synch 0 }nou .s mi»t og-4he 
squirrel-cage windings are not effective during normal operation, the 
design of the starting windings is not subjected to the limitations that 
are necessary with the induction motor. (With the induction motor a 
high-resistance starting winding gives at running speed high slip and 
low efficiency, so that, to combine high starting torque and low slip 
at full speed, the design of the winding is necessarily a compromise.) 
With tb» th f" rf^ sTstance of the squirrel cage may be 

made sufficiently high to give hi ^ starting torque, and the motor 
j nay be started under considffl^^ The high resistance of the 

squirrel cage ^ ^ 1 [yj^ducg_suc a large value of slip that thejrqtoj;^ 
poles canno t lock in with the syncffirdhmlR[y>dtat^ poles^ the s^or. 
This difficulty is'bvemime b^.^ort-(urcuit7h^^^ field winding as tin? 
rotor approaelies .<^chr on isn^ ( Sqc^27I 

" In many applications high starting torque applied in steps is 
required. Also, in order to obtain the required starting torque A\ith 
many types of load the starting kva are too great for the system. 
To meet such requirements, synchronous motors with 'phase-wound 
dampers are used. These motors have the usual salient poles, but tlie 
damper bars, instead of being connected to ('nd a’ings, are phase-con¬ 
nected and brought out through slip rings to resistors. The Simplex 
rotor shown in Fig. 33G(6) is such a lotor (Sec. 220). Two of the five 
slip rings conduct current to the direct-current field winding, and the 
other three are connected to the terminals of the 3-phase rotor winding. 
The resistors are in circuit on starting and ai-e cut out as the rotor 
approaches synchronism, just as is done w^th the wound-rotor induc¬ 
tion motor (see Fig. 279, p. 330). When the three slip rings are short- 
circuited, the winding functions as a damper. This type of motor 
when starting with full line voltage and with the control properly 
adjusted will develop 150 per cent full-load starting torque with a 
current inrush of not over 250 per cent rated current, and under these 
conditions the motor develops 125 per cent pull-in torque. A con¬ 
ventional synchronous motor would require 000 to 700 per cent rated- 
current inrush to develop a corresponding starting torque. 

This type of motor is adapted to heavy-duty machinery such as 
crushers; rod, tube, and ball mills; and conveyers. Thus the syn¬ 
chronous motor can be adapted to duty requiring considerable starting 
and overload torque. 

Th e syn chronous-induction motor is fundamentallv a wound-rotor 
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slip-ring induct ion motor^ The air gap is larger than is normal with 
induction motors, and the rotor slots are fewer and larger. On start- 
ing^ resistance is inserted in the winding, and thus the large starting 
torque Qf the wound-rotor induction motor is secured.^wVThen the 
rotor appro a^es synchronous spee d, the rotor windings a connected 
to a direct^ curreiit source, and the motor operates synciir onouslv. 
Although such motors have excellent starting characteristics, they are' 
expensive and have less efficiency than standard types. Also, in order 
that the induced emf in the fi^ld at starting m‘iy not bo too high, the 
field turns are few in number, and the excitation voltage is low. 

Another method of starting when the load requires a large starting 
torque is to connect the load to the motor through a tlut(‘h that can 
be made to slip. The motor is first brought up to full ^peed and the 
load then accelerated by means of the clut(‘h. The clutch may be 
mechanical, contact of slipping plates frc^quently being produced 
magnetically, or a rotating member with interior magnetic poles 
energized with direct current and keyed to the motor shaft may act 
on a rotor with a short-circuited winding keyed to the load shaft 
(see Fig- 2Gt, p. 307). This latter clutch has a rotating magnetic 
field,^nd its operation is similar to that of the induction motor. 

Synchronous Condenser. —The fact that the penver factor of 
the synchronous motor may be varied at will makes it useful in many 
installations, parti(*ularly in those which op(‘rate at low" power factor. 
It will be recalled that a low powder factor means larger generators, 
more transmission copper*, poorer regulation, and ieduced efficiency. 
Factories and mills Uvsiiig induction-motor drive often have an over-all 
power factor as low as 0.5, which is \ei*y undesirable 

Since the synchronous motor when o\erexcited acts like a capacitor 
to take leading kva, it can be connected in paiallel wdth such systems 
to improve their power factor. P'ven if no mechanical load is avail¬ 
able, it is frequently economical to operate such motors running light, 
their sole function being to improve the i)ower factor. 

It would be difficult if not actually impossible to operate long¬ 
distance transmission lines satisfactorily, if it w"ere not possible tc' 
control the power factor at the receiving end. This is done by m^^ans 
of large synchronous motors running light (pp. 414 and 470). ^ leii 

synchronous motors operate wdthout mechanical load, their sole function 
being merely to take leading kva, they are called synchronous condensers, 
(On long transmission systems such condensers frequently operate tcj 
takekgging kva.) 

^0. Power-factor Correction with Synchronous Condenser.—In 
Fig. 338(a) is shown a 3-phase load taking a current II at voltage V and 


410 


ALTERNATING CURRENTS 


at power factor cos Bij the current lagging. It is desired to determine 
the rating of a synchronous condenser that will raise the system power 
factor to unity. 

Assume the system to be Y-connected, the voltage to neutral being 
Vn- The vector diagram is shown in Fig. 338(6), in which the load 
current II lags Vn by ^i. 

Resolve the current II into two components, an energy component 
/i = /l cos and a quadrature component 1 2 = II win Bi. The 
energy current of the synchronous cond(*nser is small compared with its 
quadrature current, when the condenser is operating without load, and 
is added at right angles to the quadrature current. Therefore, in 
determining the total current taken by the synchronous condenser, 
this energy current may be neglected. For unity power factor, the 


4 




Fig. 338.—liaising powei fartoi to unit> by incaiis of b.Miehioiious coiulenvjor. 

condenser current /« uill then be substantially ('(jual to the quadrature 
current J 2 , but heading. Therefore, the kva rating of the synchronous 
condenser is Vnla = VJ 2 volt-ani]) per phase. The 3-phase rating is 
SVnls/^jOOO = y/c/1,000 kva. The small energy current taken 

by the synchronous condenscu* to supply its losses must be added to /i, 
slightly increasing the total energy current. 

If it be desired to raise the power factor to some value less than 
unity, a synchronous condenser of IcvSser rating can be used. In 
practice, it usually does not pay to raise the power factor above 0.9 
or 0.95, as little is gained by any increase above these values. More¬ 
over, these last few per cent of improvement in the power factor require 
a much greater proportionate increase in condenser capacity. 

In Fig. 339(a) and (6), the load power factor is cos Bi. The load 
on the synchronous condenser is assumed to be zero, and its losses are 
neglected. The load current II = Ob is resolved into two components 
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h = Oa and I2 = ab as before, Fig. 338(6). It is desired to detennine 
the rating of a synchronous condenser necessary to raise the system 
power factor to cos ^o. 

The resultant current 7o is laid off lagging Vn by ^0 but terminating 
on line ab since the power and hence the energy current /• are fixed. 
The synchronous-condenser current has the value 

7« = /l sin Iq sin Bq = I^ — /q sin (215) 

Note that the resultant current 7o is the vec tor sum of the load cur¬ 
rent II and the condenser* currc-nt 7*. Unless it is negligible, the small 
energy current necessary to supply the condenser losses should bo 
added to 7i. 



In employing a synchronous condenser for power-factor correction 
solely, economic factors should be carefully considered. The conden¬ 
ser is justified only when its investment chai’gtis and cost of operation 
are considerably less than the incn^ased charges occasioned by the low 
power factor. However, other considerations, such as voltage control, 
are important. When a user of elec^tric; power pays on either a kilo¬ 
watt-hour or a kilowatt basis only, a low pov er factor is not detri¬ 
mental to him, except, possibly, to increase slightly the cost oi his 
mains. This low power factor is detrimental to the power company, 
which must install larger generators, conductors, transformers, etc. 
For this reason, many power contracts penalize low power factor. 

Since with synchronous condensers no mechanical drive is neces¬ 
sary, it is possible to seal them hermetically and operate them in an 
atmosphere of hydrogen, thus reducing the windage loss and increasing 
the cooling effect (see p. 172). 
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Figure 340 shows a G0,000-kva hydrogen-cooled synchronous con¬ 
denser whose sole function is to regulate kilovars (reactive kva). 
Owing to the fact that the condenser must be enclosed and sealed, it is 



Fig. 340.- 


-f)0,000-kva h\ drORcn-foolcd svnchionous 
KUchic Corp ) 


•on denser. {W ci>Hnghou8e 


The 


/231. Synchronous Motor 
iL 


not afifected by weather and can therefore operate out of doors, 
expl^^fiation of hydrogen cooling is given in C^liap. VI (p. 172). 

IT, , Corrector of Power Factor.—The 

synchronous motor may correct the 
power factor of a system and, at the 
same time, deliver mechanical power. 

Assume, in Fig. 341, that a 3-phase 
system takes II amp at a voltage Vn 
and that the power factor of the system 
is cos 01 . It is desired to raise the 
power factor of the system to unity by 
means of a synchronous motor, while at 
the same time the motor is to siipplj^ 
mechanical power requiring \/3 VI[ 
watts from the line. 

Assume the system to be Y-con- 
nected and that the voltage to neutral 
The vector diagram is shown in Fig. 341. The load 



Fig. 341.—Vectoi diagram for 
synchronous inotoi winch laises 
system power factor to unity. 


is Fn volts. 

current 7 l, which lags Fn by is resolved into an energy current 
1 1 and a quadrature component / 2 . 
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The synchronous motor must first take a quadrature leading 
current in order to counteract the lagging quadrature current 1 2 
of the load, 

H = /2 = //.sin Oi, (21()) 

In addition, the sync.hronous motor must take an energy current I\ 
to supply its losses and also the power required by its load. The total 
synchronous-motor current 

/. = vu'iyviny, ( 217 ) 

and the synchronous-motor power factor 

cos d. = y'. (218) 

Example .— A manufacturing plant takes 200 kw, a1 0.() pf)\v<‘r factor, from a 
600-volt 60-C3"cJe 3-pIias(; system. It is (iesire(l lo raise' the j)owcr factor of the 



Fig. 342.—Vector diagram for syiic'hroiiou.s motor which raises system power factor to 

cos ^ 0 . 

entire system to 0.9 by means of a synchronous motor, which at the same time is 
to drive a direct-current shunt generator, requiring that th(' synchronous motor 
take 80 kw from the line. What should be the rating of the synchronous motor 
in volts and amperes? 

The vector diagram is shown in Fig. 342. .\ssume that the system is Y-. »n- 
nccted. The problem will be worked for one phase only. 

Voltage to neutral r„ — = 346 volts. 

V3 

X 1. r 200,000 001 

Current per phase I = —-=321 amp. 

Vs • (iOO • 0.60 

Energy current of load / i = / cos 6 — 321 • 0.6 = 192.6 amp. 

Quadrature current of load /^ — / sin ^ = 321 • 0.8 = 250.8 amp. 

At 0.9 power factor, the resultant power-factor angle 0o = 25.8®. 
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Energy current of the synchronous motor 

. 80,000 -- ^ 

/i. = —- = 77.0 amp. 

Va-eoo 

Total energy current /( = 7i + /i* = 192.6 + 77.0 = 269.6 amp. 

Quadrature current of the system 

/J = 269.6 tan 25.8° = 269.6 • 0.4834 - 130.3 amp. 

Quadrature current of the synchronous motor 

/ 2 « = 72 “ /a = 256.8 - 130.3 = 126.5 amp. 

Total synchronous-motor current 

/. .= \/(Ti.)^ + = \/(77:0)^TTi^ 5T2 = V21,l)30 = 148 amp. 

The synchronous motor will then be rated at GOO volts, 148 amp, or will have a 
rating of 154 kva. Ails. 

The resultant current /o, the vector sum of / and is sliown in Fig. 342. 


232. Bdlowatt and Kilovar Method. —Since the voltage is constant, 
the kilowatts and the kilovars (quadrature kva) are proportional to 
the energy and quadrature currents. By the use of kilowatts and kilo¬ 
vars the solution of the example of Sec. 231 is considerably simplified 
(sec pp. 04 and 150). 

Thus, in Fig. 343, the 200 kw and 80 kw taken by the load and the 
motor are laid off along the horizontal voltage vector Vn> The total 



Fig. 343. — Kilowatt, kilovar, and 
kilovolt-ampere diaKram for byiichro- 
nouh-motor and power load. 


kilowatts are equal to their sum, or 
280 kw. Since the residtant power 
factor is 0.9, the residtant kva vector 
is Obj lagging Fn by 25.8° (cos“^ 0.9). 
The corres])onding kilovars = ab = 
280 tan 25.8° = 135.4. The load 
kilovars = 200 tan Oi = 200 * 0.8/0.0 
= 2()0.7. The synchronous-motor 
kilovars = 26(5.7 — 135.4 = 131.3. 
The synchronous-motor kva = 
ViSOy +'(1^)2 = 154 kva. The 
load kva = 200/cos 0i = 200/0.600 
= 333.3 kva as shown by Oc. The 


resultant kva = 280/c()s 25.8° = 280/0.900 = 311 kva as shown by 


Ob. The foregoing quantities are shown in the vector diagram of 


Fig. 343. 


233. Synchronous Motor as Regulator of Voltage. —Figure 344 
shows one phase of a transmission line, which may be cither single¬ 
phase or polyphase. A constant voltage F, is supplied to the sending 
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end of the line by a generator or by a power plant. At the receiving 
end of the line is a synchronous motor whose terminal voltage is Vm- 
Between F, and Vm are both resistance and reactance in series. These 
may be the usual resistance and reactance of a transmission line, or 
they may exist in an impedance coil, having a resistance R and react¬ 
ance A, in series with the supply mains and the motor terminals. 



Assume, first, that the synchronous motor is underexcited and, 
therefore, taking a lagging current. Along the vector /, Fig. 345(a), 
the IR drop is laid off in phase with I; at right angles to / and leading, 
the IX drop is laid off. The vector sum of the IR and IX drops is 
equal to the IZ~ drop in the line. The motor voltage must be equal to 
the sending-end voltage minus the IZ drop, vectorially. IZ is 
reversed and added to F«, therefore, giving F,,,, the motor voltage. 
It will be noted that Fm is eonsideral)ly less in magnitude than F*. 



(a) Lagrerini? current; motor voltagre (6 ) Leadinff current; motor voltase 

less than sendingr-end voltagre erreater than sendingr-end voltasre 

Fia. 345. Effect of line impedance on hynchionons-motor voltage. 


If the motor now be overexcited, I will lead tlie voltage Vm- By 
subtracting IZ from F«, Fig. 345(6), the motor voltage Fm beco aes 
greater in magnitude than F*. (The method of computing these 
diagrams is identical with that given in Sec. 223, p. 396. Also see 
Chap. XIII.) 

This gives a method of controlling the voltage at the end of a 
transmission line. If the voltage at the receiving end of the line tends 
to change because of a change in the sending-end voltage or in the line 
drop, it may often be held substantially constant by varying the 
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excitation of a synchronous motor or of a synchronous condenser 
placed at the receiving end of the line. In practice, synchronous con¬ 
densers are often installed for purposes of regulation only. At the 
Los Angeles end of the 240-miIe Big Creek line, a number of syn¬ 
chronous condensers having ratings of 15,000 and 30,000 kva are 
installed, their sole function being to hold the voltage in Los Angeles at 
the proper value (see Fig. 340, p. 412). If the load were removed and 
no such regulating devices were used, this voltage would rise to values 
considcrabl.y in excess of that at the generating station 240 miles away, 
owing to the line-charging current flowing through the line reactance. 

Even without the adjustment secured by altering the field current, 
a synchronous motor tends to maintain constant voltage at the end of a 
transmission line having reactance. If the voltage at the motor ter¬ 



minals drops, its induced emf tends to exceed lh(' termincl voltage and 
the motor must then take a leading current in order to operate. This 
leading current, flowing through the line n^actance, tends to maintain 
the motor voltage, as a leading current flowing through reactance tends 
to produce a rise of voltage from sending end to load. On the other 
hand, a rise of voltage at the motor terminals tends to cause the motor 
to operate undercxcited. It takes a lagging current, therefore, which 
increases the drop from generator to load and tends to cause the volt¬ 
age at the load to decrease. 

The effect of the synchronous motor on voltage control may be 
shown by a laboratory experiment, the connections for whiclf are given 
in Fig. 346. A 3-phase synchronous motor, running either light or 
partly loaded, is supplied from a constant-voltage source through 
three series reactances, one in each conductor. A load consisting of 
resistors or an induction motor or a combination of the two is con¬ 
nected in parallel with the synchronous motor. Vary the load and 
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maintain the synchronous-motor terminal voltage Vm constant by 
varying its field current. It will be found that the field current must 
be materially increased as the load is increased. Figure 347 shows 
the general trend of the curve giving the relation between the field 
current and the load. 

It is also instructive to keep the load constant and at the same time 
to obtain a V-curve and find the relation of Vm to the synchronous- 
motor field current. The results of such a test are showm in Fig. 
348. Vm is considerably lower than Vs for lv)W values of field current; 
but, shortly after unity power factor is reached, Vm exceeds F,. (Fur¬ 
ther discussion of transmission-line regulation is given in Chap. 
XIII, p. 456.) 



Industrial Applications of Synchronous Motor> —Single-phase 
STOchronous motors are rarely used in practice, Like the single-phase 


induction motor, the direction in which they rotate is_determincd bv 
the direction Tn which the y are st.arte(L There a re f ractional-horse- 
pOWer ^ingle^iase synchronous moto rs, which are used mostly for 
d&iving stroboscopic and timing devices at synchronous spec 


rotor has no d-c field but is provided with_a 
e motor starts hy_ii^a ns o f .a 

. H 


a special starting winding, its starting torque 




weighing all the disadvantages. The fact that its speed is constant is 
^ little moment, smee induction motors, especially in the larger sizes, 
have only 1 or 2 per cent speed regulation. At the lower speeds and 
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the hity her frequencies the synchronous motor is cheaper than the 
inriiic.ti nn mntor^ ninrc to dZ^ign an inducTloh motor with good power 
factor under these conditi^ iqf^ rlifficult. 

In spite of the advantages r)f s 3 m(*hr()nous motors, engineers at one 
time were hesitant in using them horniiRt ^^ their-iende . nf\y to Im nt 
and the fact that uith s>^tem dist urba nc(\s they readily fell out ol 
'gyncSfohismaiid v^ re sen sitive to sudden ^hange^onoad^J^^^ ev er, 
'with the constant steady fi*equency that is now avaflable and the 
improved design, paj’ticularly of dampers, hunting under normal 
conditions is now practically unknown. Because of system inter¬ 
connections and the greatly impi-oved methods of relaying and remov¬ 
ing faults quickly, system disturbances and interruptions an' no^v 
relatively few. With the improved motor and damper design, sudden 
applications of load noAV have no noticeable' effe(*t on the steady opera¬ 
tion of the motor. These improvements in s\mchronous-motoi opera¬ 
tion, together with a better understanding of the harmful etfects of 
lagging kilovars on economy of operation, have rcsultc'd in a very wide 
use of the synchronous motor. Among its numerous applications are 
direct-current generator drive, ammonia and air compressors, water 
pumps, rubber mills, textile mills, pulp grinders, cement mills, ball 
mills in the mining industry, and ship i)ropulsion. 

236. Electric Ship Propulsion.—^Although the steam turbine is 
much lighter and more efficient than the reciprocating engine, it inher¬ 
ently must operate at high speed, whereas a propeller, in order to be 
efficient, must operate at low speed. In a largo ship the propeller 
speed should not exceed 120 rpm, whereas the turbine operates at a 
speed near 2,880 rpm, requiring a 24 to 1 speed reduction. Both 
mechanical gear and electric drive are used to effect the necessary 
speed reduction. In recent years double-reduction gears of light 
weight have been developed, so that the tendc'ncy is to use gears rather 
than electric drive. Electric diive does possess the advantage of 
flexibility and greater economy at reduced speed if the ship has more 
than one propeller and generating unit; no reversing turbine is neces¬ 
sary, and full powder on reversal is obtainable, together with greater 
maneuvering ability and quiet operation. Also, on many cargo ships 
a large amount of auxiliary powder, 1,000 kw and more, is necessary in 
loading and unloading. The driving tiirbine-generator unit can })e 
used to supply this powder economically. Thus, there are conditions 
where electric drive can be justified in spite of its greater weight and 
complication. 

Both the induction and the synchronous motor are used, but the 
advantage lies largely with the synchronous motor. At or near nor- 
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mal load it is lighter and more efficient, and weight is important in 
marine work. The air gap of synchronous motors is considerably 
greater than that of induction motors, and the mechanical difficulties 
that a short air gap involves, such as very accurate alignment, for 
example, are not present when sjmchronous motors are use -- Owing 
to the salient-pole feature of the synchronous motor, stator coils may 
be replaced without removing the rotor. Also, the field windings on 
the salient poles are less subject to injury than are the end connections 
of the embedded conductors of the rotor of au induction motor. 

The synchronous motor is provided with a heavy scjuirrel-cage 
winding, which plays a large part in the motor operation on starting 
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and maneuvering; the winding is designed to provide high torque. 
(When a stjuirrel-cage winding plays a greater part than in normal 
synchronous-motor operation, the motor is often called a synchronous- 
induction motor.) A simplified wiring diagram is shown in Fig. 349. 
In order to control effectively the field of the propulsion generator, 
particularly on starting and maneuvering, it is excited from a variable- 
voltage exciter the field of which is supplied by the constant-voltage 
exciter, whic.h is a compound d-c generator. On starting, the generator 
is operated at 15 to 20 per cent normal speed and switches 1, 2, 3, 6, 
9, 10 are closed. The motor field circuit is open so that the motor 
operates as an induction motor. During the starting period, switch 
10 being closed, the resistance in series with the variable-voltage 
exciter is short-circuited so that the generator becomes overexcited. 
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This produces large starting and lock-in torques in the motor. As 
the motor approaches closely to synchronism, switches 7 and 8 in the 
motor field cir(*uit are closed and the rotor locks in with the rotating 
field (p. 406). Switch 10 is then opened, reducing the exciter field and 
bringing the generator excitation to normal. The turbine and gen¬ 
erator then are brought up to operating speed. While starting, as 
the motor is approaching synchronism, the ammeter in its field circuit 
oscillates; and when the oscillations become of the order of two pei* 
second, the motor can be synchronized. 

Switch 0, which is closed on starting ahead or astern, cuts out part 
of the resistance connected across the rotor teiminals and thus increases 
the induction-motor torque. It is open during running conditions. 

On reversing, the procedure is practically the same as on starting. 
Switches 2 and 3 are opened and 4 and 5 c1os(h1, thus reversing two 
phase wires. In reversing astern, switch 11 is closed, cutting out some 
of the resistance in the field of the variable-volt age exciter and thus 
strengthening the field of the generator. This increases the motor 
torque in running astern. 

The foregoing opeiations are all peiformed automatically in the 
proper sequence, by means of a propulsion-control lever. Also, before 
the main switches 1, 2, 3, 4, 5 are opened, the generator field is opened, 
thus reducing their interrupting duty and making air-break switches 
possible. The dots in the diagram. Fig. 349, give the closed position 
of each of the switches for each operation. 

Frequency Converters.—It is sometimes necessary to supply 
electrical power from one electrical system to another electrical 
system of different frequency. A common met hod is to use synchro^ 
nous-motor-altcrnator sets. tI^o synchronous motor and the alterna¬ 
tor must have a different number of poles, the number of poles in each 
being proportional to the frequency of the system to w^hich the particu¬ 
lar machine is connected. For example, if the ^fi’cqufincy is being 
changed from 25 ^cl^, the number of poles of the synchron^m^ 
motor must be to the number of poles of the alternator in the ratioojf . 
i)U/ 25~ or The highest speed at which this ratio of frequencies 
can be obtained will require a set having a 24-pole synchronous motor 
and a 10-pole alternator. The set must operate at only 300 rpm. 

Except in very large units, electrical machines operating at this 
low speed are costly. A 10-pole 4-pole combination gives either a 
frequency ratio of 60/24 cycles or a frequency ratio of 62.5/25 cycles 
and operates at 750 rpm. Because of its greater speed this com¬ 
bination is often used, even if it does not give an exact 60/25 cycle 
ratio. 
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It is often difficult to synchronize such a set, as it must be syn¬ 
chronized with both systems. If the alternator voltages are out of 
phase with their respective line voltages, the synchronous motor must 
be made to slip one pole at a time until the alternator voltages are in 
phase with their respective line voltages. The load is shifti‘d either by 
advancing the phase of the system supplying power, as by opening the 
turbine throttles, or by retarding in some manner the phase of the 
voltage in the system receiving power. WVicn two or more such con¬ 
verters operate in parallel, it is not possible to shift the power load by 
any ordinary adjustments. Hence, it is desirable that one or more 
of the alternators be so constructed that the angular position of the 
stator can be adjusted. 

237. Synchronous Motors for Timing . —Because of th rir constant- 
speed characteristic, synchronous motors are very useful for driving 

SlTc^devic^i ^S^m j|sid)elTeT3 r in w ith T.ho snppTNT" 

freque ncy . J^xa mples of their use are electric cl^ocks^ timing mechan - 
isms for jdemand i ndicators, the mciisuremcnt of slip in induction 
motors (see p. 35()), the driving of oscillograph mirrors, stroboscopic 
devices, and mechanical rectifiers. 

As the power required for such small motors is extremely small 
and the matter of low power factor of no moment, they are usually 
made to operate without direct-current excitation. In Fig. 350(a), 
(6), (c), three examples of such motors are shown. 

The motor shown at (a) was invented by H. E. Warren of the 
Warren Telechron Company an d is widely used i n e lectric clock s, 
time switches, and other timing devices. It consists primarily 
of a laminated stator, or field, with an appropriate exciting coil. The 
two salient pol(\s are divided, and a shading coil of one turn of heavy 
copper is placed over one of the halves of each pole. The rotor 
consists of two or more thin hardened-steel disks of the shape shown, 
which are pressed on the small shaft. The hysteresii^loop of hardened 
steel is large, and the hysteresis loss is high. Therefore, when the 
hardened-steel disks are reacted on by the rotating field, oAving to the 
joint effects of the field coil and the shading poles a relatively large 
hysteresis loss occurs in these disks. Just as with the induction mo^ 
with resistance in its rotor circuit, the relatively large power loss tL. t 
occurs in the disks results in a relatively large torque to supply this 
loss. Hence, the rotor accelerates nearly to synchronous speed. The 
path of minimum reluctance for the field flux is through the two 
crossbars in the rotor. Hence, as with the salient-pole synchronous 
motor, the rotor locks into synchronism (see Fig. 329, p. 396). In 
fact, it has been found that simple hardened-steel circular disks will 
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lock into synchronism. This is due to the fact that, as they approach 
synchronism, the disks become permanently magnetized along some 
fixed diameter and develop permanent poles. The speed of the rotor 
in the Warren type of motor is high (3,600 rpm at 60 cycles), so that a 
gear train with a high reduction ratio is necessary. The gears and 
clock-mechanism assembl}^ are enclosed within a thin metal case con¬ 
taining lubricating oil, thus forming a compact and rugged unit. 

The motor shown at (b) consists of a 2-pole stator and an iron 
armature, or rotor, with a huge number of salient poles, 16, as shown. 
The rotor must first be brought up to synchronous speed, usually by 
spinning it by hand. When it is operating at its synchronous speed, 
2 diametrically opposite armature poles aie attracted to the field polos 
as the flux in th(' field is increasing. Because of the inertia of the 
armature, it continues to rotate while the flux is diminishing and 



(a) (6) (c) 


(a) Warren Teloehioii clock Jiiolor 
(h) Sixteen-]»ole subhynclironous inotoi 
(c) Holtz induction-reaction subisynchionou.s motor 
Fi<r. 350. —Small synchroiioufc) motorb foi timing pin poses. 

passing through zero. The next pair of rotor poles is then attracted 
by the field flux as it increases in the opposite direction. If the 
frequency is constant, such a motor will run at constant speed. 
Although the stator has only 2 poles, the speed of this motor is the 
same as that of a motor having the same number of stator as rotor 
poles. For example, at 60 cycles the speed of this motor is 450 rpm, 
corresponding to the 16 rotor poles. Because the rotor speed is much 
less than that corresponding to the number of stator poles, the motor 
is said to operate at subsynchronous speed. Such motors will not 
always start when spun by hand, and they will ()i)erate readily at 
half synchronous speed if they happen to lock in at that speed. Hence 
it is desirable to have considerable flywheel effect for mechanical 
damping and also electrical dampers or induction-motor action in the 
rotor to assist in bringing it into synchronism and to prevent hunting. 

The motor shown at (c), invented by F. C. Holtz of the Sangamo 
Electric Company, is an example of a self-starting induction-reaction 
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subsynchronoua motor. The motor is in reaUty a 2-pole single-phase 
combination indue*tion-and-synchronous mentor with a shaded-pole 
field and a squirrel-cage rotor. In this particular motor there are six 
rotor slots, so proport iejned that they produce six salient oles on the 
rotor, and th(\sc poles give the synchronous- (or reactiu -) motor 
effect. In l^ig. 350(c) tin copper end plate of the squirrel cage is cut 
away, showing two rotor dots and the squirrel-cage bars. 

At starting, the induction-motor toique must be sufficient to 
overcome the t(*ndcmcy of the salient poles of the rotor to lock in 
with the stator poles. '^I'he motor operates like any induction motor, 
the rotor tending to accelerate to nearly synchronous speed. For 
example, with a ^roepu^ncy of (>() cycles, tli(‘ iiiducti(3n-motor torque 
tends to accelerate the roto? neaily to th(^ 2-pole synchronous speed 
of 3,()00 rpm. The motor is so propoitioned that, at 1,200 rpm, the 
(>-pole synchronous speed, the reaction torciue, due to the pulsating 
stator-pole flux reacting with the six rotor poles, predominates over 
the induction-motor torcpie developed at that speed. The rotor, 
therefore, locks in with the stator poles and runs synchronously at 
1,200 rpm. At its operating subsyiichronous spec'd, the motor develops 
simultaneously indu(*t ion-mot or and synchronous-motor torque. 
This type of motor is usckI with timing devices, particularly wdth 
demand-meter registers. 

238 . Selsyns. —The w^ord ^hselsyn'^ is an abbreviation ot the w'^ord 
Hdf'synchronizing and is applied to devices which are connected 
electrically and in which change in the angular displacement of the 
rotating member of one device produces an equal angulai* displacement 
in the rotating member of another device. The system may be d-c 
or a-c and ('itlier singl(*-i)hase or polyphase. 

A common type of single-phase s(‘Lsyn apparatus is shown in Fig. 
351. Each device has a stator w'ound like that of a 3-phase induction 
motor and has a wnnirid bobbin-type* rotor having a single winding, 
such as is shown in (a). However, the operation of the apparatus is 
more readily analyzed if gi'amme-ring stator windings are used lor 
illustration as in (6). Receiver and transmitter are identical. Three 
equidistant taps a, 5, c and a', 6', r' are brought out from the s+ itor 
windings, just as fe)r 3-phase, and correspemding taps in the wo 
device's are connected togethc'r. 'I'he re)te)rs, wffiich are both energized 
fre)m a single-phase source, are showm connected in parallel, the current 
being conducted to the rotors through slip rings. 

In (/;) the rotor of the transmitter is shown in a perpendicular 
position with its center line opposite tap a. At this instant the current 
in the rotor winding is assumed to be in such a direction that the 
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upper pole is N and the lower S, both increasing. The flux is indicated 
by the dashed lines. The rotor is the primary and the stator the 
secondary of a transformer. The emfs induced in windings ha and ca 
are both acting upward as shown by the arrows and the terminal a is 
positive at this instant. Since in winding be one-half of the flux 
entering the AS-pole of the rotor links the winding in one direction and 
the other half in the reversed direction, the resultant emf induced in 
the winding is zero, and terminals h and c are at the same potential. 




Hence, one-half of the current I hiaving terminal a returns at each of 
the terminals h and c. Since terminals b' and c' of the receiver are 
also at the same potential, there is no current in winding b'c'. The 
arrows show the directions of the currents in the stator windings a'6' 
and a'c'. 'ilie mmfs act in such a direction as to produce an >S-pole at 
the top of the stator and an JV-pole at the bottom. The rotor is excited 
in the same manner as the rotor of the transmitter, so that at the top 
there is an iVT-pole and at the bottom an iS-pole. The iV-pole at the top 
of the rotor locks in with the *S-pole on the stator and the >S-pole of the 
rotor locks in with the iV-pole on the stator, so that the rotor will 
assume the same angular position as that of the rotor of the trans- 
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mitter. For other instants during the a-c cycle, the 'positions oi the 
stator poles will not change, and corresponding stator and rotor poles 
will always be of opposite polarity, so that the same angular position 
of the rotor is maintained. Also, since the flux and positions of the 
rotors are the same in transmitter and receiver, the si me emf is 
induced in each winding and there is no circulatory current. 

If the rotor of the receiver is turned by an angle of, there will be a 
phase displacement between the emfs indu.'ed in the transmitter and 
receiver stator windings. This will produce a resultant emf, which in 
turn will cause a circulatory current between the two stator windings 
(see Figs. 206 and 323(6), pp. 237 and 387). This circulatory current 
acts like a synchronizing current and tends to pull the rotor of the 
receiver to such a position that the two induced emfs are again equal 
and the cireuhuory current becomes zc'ro. Hence, the receiver rotor 
always tends to assume the same angular position as the transmitter 
rotor. 

If there is a torcpie load on the receiver, however, it must assume an 
angular disjilacement so that the resultant ('inf produces a current 
sufficient to maintain the torque', just as the synchronous motor must 
likewise assume a position back of that whi(‘h it would have at no load, 
in order to develop tonpie current (p. 388). Hence any load on the 
receiver causes an error in the angle of transmission. However, 
by means of an auxili*ary selsyn a current proportional to the resultant 
emf may be amplified and fed back into the main selsyn system to 
correct the error. 

Two similar wound-rotor induction motors may also be used as 
selsyns. '’ilie t\\ o stators are connect('d in parallel to a 3-phase voltage 
supply, and the rotors are connectc'd in parallel. Any diffenmee in 
angular dis})lacement between rotors j)roduces unbalanced emfs in 
their windings, and the resultant currents act to pull the rotors into 
the same angular positions. Such selsyns may be used to keep two 
rotating shafts in synchronism, the greater proportion of the power 
being siqiplied by d-c motors, the selsyn motors serving merely to 
develop the torque necessary to maintain synchronism. 

Selsyns have Avide range's of applicatiem, particularly in remote 
signaling or angular-position indicating, remote angular-position con¬ 
trol, and the transmission of synchronous power. On board ship 
they are used for signaling from bridge to engine room, for the control 
of turrets, searchlights, and radar antennas, and for indicating the 
positions of valves. On land they are used for remote metering, 
measuring water levels at different points, to indicate the positions of 
valves, for water-control gates, and for a large number of related 
applications. 



CHAPTER XII 

THE SYNCHRONOUS CONVERTER 

239. Methods of Obtaining Direct Current from Alternating 
Current. —^At the present time, over 90 per cent of electrical energy 
is generated and transmitted as alternating current. A very large 
percentage of this energy is utilized as alternating current, for example^ 
to operate alternating-current motors, electric furnaces, and many 
other types of electrical appliances, and for illumination purposes. 
There are many cases, however, Avhere the electrical ent'rgy must be 
in the form of direc.t current, even though the available* supply of 
energy is alternating current. For example*, direct current must be 
used for charging storage batteries, for electrolytic work, and for 
telephone exchanges. The direct-current se*ries motor is practically 
the only type of motor that can be used for street-railway work, and 
it is also used in railroad electrifieuition. Direct current is still us(*d in 
many of the downtown city districts. Its principal advantage*s have 
been that storage batteries could be used to ensure continuity of 
service; direct-current motors are well adapted to elevators and print¬ 
ing presses, these two types of load constituting a considerable propor¬ 
tion of the power load. (Direct current for city service, however, Ls, 
being replaced by alternating-(airrent n(*tworks. Modern prote(;tive 
apparatus has been so perfected that serious service interruptions have 
become very infrequent (Sec. 289, p. 490).) 

There are several methods of converting alternating current into 
direct current. Among the most common are mechanical and elec¬ 
tronic rectifiers (see Chap. XV), indu(*tion-motor- and synchronous- 
motor-generator sets, and synchronous converters. 

/ nduction-inoior- and Synchronous-motor-generator Sets .—With 
the exception of mercury-arc rectifiers of large* power rating, none of the 
rectifying devices is capable of converting alternating to direct current 
on the large scale required in modern power systems. To convert 
large amounts of power, induction-motor- or synchronous-motor- 
generator sets may be employed. The output of such units is limited 
only by the rating in which it is possible to construct the direct-current 
generator. The disadvantage of a motor-generator set is that it 
requires two machines, with corresponding cost and floor space, and 

426 



THE SYNCHRONOUS CONVERTER 


427 


the over-all efficiency is not extremely high, being the product of the 
efficiencies of the individual units of the set. 

The synchronousj or rotary, converter is a single machine that converts 
alternating current to direct current, or vice versa, and may be built 
to convert large amounts of power efficiently and e(u>r)*'niically. 
Because it has only one armature and one field, the synchronous con¬ 
verter usually costs less than an equivalent motor-generator set. 
Because the armature current is small, being the difference between the 
alternating and the direct currents, this type of machine has a high 
efficiency when operating under favorable condidons. 

240. Principle of Synchronous Converter.—It has been demon¬ 
strated that alternating current is generated in the armature coils of 
the ordinary direct-current generator. If taps be brought mt properly 
from the armature winding to slip rings, alternating current may be 
taken from this same winding, and 
the machine becomes an alternator. 

Such an alternator can operate as 
a synchronous motor. 

The synchronous converter is 
constructed like the ordinary direct- 
current generator, although tlui 
relative dimensions may be differ¬ 
ent. It has fixed poles, a rotating 
armature, a commutator, a shunt 
field, and usually a series field. In 
addition to the commutator, leads 
are taken from the armature to slip rings, in the manner shown in Fig. 
352 (also see Fig. 353). Figure 352 represents a 2-pole single-phase 
converter. 

In the synchronous converter, as commonly used, alternating cur¬ 
rent is supplied to the slip rings, and direct current is taken from the 
commutator and brushes. If, however, the direct-current brushes be 
open-circuited or removed, the machine becomes, under these condi¬ 
tions, a synchronous motor of the rotating-ar.nature type. On the 
other hand, if direct current be supplied to the brushes and comm ta^ 
tor and the slip-ring brushes be disconnected, the machine become^ a 
shunt or a compound motor. 

If the machine be driven mechanically and current be taken from 
the slip rings only, it becomes an alternator. On the other hand, if 
current be taken from the commutator only, it becomes a direct- 
current generator. Both alternating and direct current may be taken 
from it simultaneously, and then it becomes a double-current generator. 
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In the synchronous converter as ordinarily used, alternating cur¬ 
rent is supplied to the slip rings so that the machine operates as a 
synchronous motor, so far as the alternating-current side is concerned. 
At the same time, direct current is taken from the commutator and 
brushes, and, therefore, this side of the ma(*hirie has characteristics 
very similar to those of a shunt or a compound generator. When 
operated in this manner, the machine is said to be a direct synchronous 
converter. 

The machine, however, may take power from the direct-current 
supply, operating as a dire(*t-current motor, and d('liver alternating 
current from the slip rings. When operated in this manner, the 
machine is said to be an inverted synchronous converter. This is not 
the usual method of operation. 

241. Pol3rphase Converters. —The output of a converter increases 
materially with the number of phases. For example, the rat ing of a 
6-phasc converter is more than twice its rating when operated single¬ 
phase (see p. 437). 

The connections of polyphase converters are comparatively simple. 
For example, for a 3-phase 2-pole converter, throe, rather than two, 
equidistant taps would be brought out from the winding of Fig. 352, 
and three slip rings would be used. If a convertei* has 4 poles, there 
must be two taps from the winding to each ring. This is illustrated in 
Fig. 353, in which a 3-phase 4-poie converter is shown. Two taps 
run from each ring to the winding; in this case, the taps are diametri¬ 
cally opposite. For example, if the tap from one ring connects to a 
point in the winding which at some particular instant is under the 
center of an A-pole, there must ])e similar taps running from this same 
ring to every point of the winding which lies at that instant under the 
center of an A-pole (see points a, a, Fig. 353). 

In a 4-phase 2-pole converter, four equidistant taps arc brought 
out from the winding to four slip rings. Thus, in Fig. 352, tw o taps 
in quadrature with the two shown would be added, together with two 
more slip rings. 

A 6-phase 6-poIe synchronous converter will have 0 slip rings and 
3 taps from each slip ring, making a total of 18 taps to the winding. 

A simple rule for obtaining the number of taps to the winding is to 
remember that, if the converter has n phases, there must be n slip-ring 
taps for every 360 electrical space degrees, or for every pair of poles. 
(This does not hold for single-phase.) For example, in Fig. 353, there 
must be 3 taps for each pair of poles, or 6 taps in all. Figure 363 
(p. 439) shows the method of making the tap connections from the 
armature to the slip rings in a 24-pole 6-phase converter. 
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It is to be noted that the slip-ring taps must be brought out at 
equidistant points along the winding, in order that the altematmg 
voltages may be balanced. Hence, the direct-current windings that 
can be used for a synchronous converter are more or less restricted, for 
the number of coils must be divisible by the number of slip-.mg taps. 



Fio. 353.—Thi oc-pho-so 1-pole nthioiious romcrter. 


242. Voltage Ratio in Single-phase Sjmchronous Converter.—In a 

synchi onous converter, both the alternatinj^-eurrent and the direct- 
current emts are induced by the same system of conductors, cutting 
the same held. There must be a h\ed ratio, therelore, between the 
direct-curient and the alternating-current induced emfs. 

In a single-phase converter, there are the same number of active 
conductors between tlie d-c brushes as between the a-c slip lings. Fig. 
352. The same numlier of conductors, cutting the same held, induces 
both the d-c emf and the single-phase emf. 

It will be remembered that the emf betw^een the brushes of a d-c 
generator is tlu' sum of the emf waves induced in each ot the individuid 
conductors connected in series between the brushes. For simplk y, 
consider an armature with two coils displaced 90° from each other. 
The a-c emf weaves will be displaced in phase by 90°. The d-c emf is 
equal to the sum of the rectified a-c weaves, as shown in Fig. 354(a). 
The resulting emf is the peak value of the resulting w^ave, Fig. 354(a) 
(also, see Vol. I, Chap. XI). The resultant emf w^ave between slip¬ 
ring taps is found therefore, by adding together the two a-c weaves, 90° 
apart, point by point. Fig. 354(5). On comparing Figs. 354(a) and 


430 


ALTERNATING CURRENTS 


354(6), it will be seen that the d-c emf is equal to the peak value of the 
a-c emf. 

Therefore, in a single-phase converter, the direct-current induced emf 
is equal to the \/2 times the rms value of the single-phase alternating- 
current induced emf. This ratio may be modified by wave form as 
in the split-pole converter (p. 443). 


Resultant D-C Emf 


D-C Volts 
Max. A-C Volts 



RMS 

A-C Volts 


^xafjSsssssssi^ 




Resultant A-C Emf 

(a) (b) 

Fig. 354.—Relation between direct and alternatiiiK induced emfs in synchronouh- 

convcitci armatiuc. 


Sinprle-Ph. Slip- 
Ringr Taps- 

O B 
Q 


^Single-Phase 

Emf 


-7 r^'i^r 


O B 

Single-Ph. Slip-.-'^ 

Ring Taps 

(a) (6) 

Fig. 355.—Relation of iruhicod emfs to belt sj)an in a closed ainuituio winding. 

243. Voltage Ratios in Polyphase Synchronous Converter.—It will 
be remembered that the total single-phase emf induced in an alternator 
armature is the vector sum of the individual iiiduc*tor emfs. For 
DC -141 Volts example, in Fig. 355(a) are shown the 

several inductors upon the surface of 
the armature. In Fig. 355(6) a vector 
inductor shows the emf in- 
''\/^hase=86.6 Volts duccd in that inductor. The total 
fl single-phase emf is the vector sum of 

° emfs in the individual inductors 

taken about each half of the armature 

Fig. 35G.--Relations among is therefore the diameter of a circle 

emfs in synchronous-converter drawn to the proper scale, Fig. 355(6). 
armature. rpj^^ 3-phase emf is the vector sum 

of the individual emfs included within a 120° arc, Fig. 355(6). 
The 4-phase emf is the vector sum of the emfs included within a 90° 
arc, and the 6-phase emf is the vector sum included within a 60° arc. 


.Single-Phase = 100 Volts 


\3^hase=86.6 Volts 


/^5!ibPhase=70.7 Volts 
^^^^Phase =60 Volts 

Fig. 35G.—-Relations among 
emfs in synchronous-converter 
armature. 
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This gives a simple method for obtaining the various emf relations 
in a converter armature. Draw a circle, Fig. 356, whose diameter is 
100 units. Let this represent a single-phase emf of 100 volts, rms. 
The d-c emf will then be \/2 • 100 = 141.4 volts, which is shown by 
extending the diameter. The 3-phase emf is the length of a - ’ .oi-d sub¬ 
tending an arc of 120°, or 86.6 volts. The 4-phase emf is the length of 
a chord subtending 90°, or 70.7 volts. The O-phase emf is the length 
of a chord subtending 60°, or 50 volts. 

Below, these results arc tabulated. 


KLEr'rROMOTfvE Forcer 


Direct-current 

8inp,le-i)baRe 

3-phiise 

1 

t-phaHG 

6-plmse 

141.4 

100 

86 6 

70 7 

50 


lUitio oi alteiiiatiuK-ciureiil enif to direct-current emf 


0 707 

0 612 

0 50 

0.354 


244. Current Ratios in S 3 mchronous Converter.—The relations 
between the dii'ert and alternating currents in a synchronous con¬ 
verter may be determined as follows. 

Sin(jlc-phas (\—If the efficiency is assumed to be 100 per cent and 
tli(' power factor unity, negle(*tiiig voltage drops in the armature, 

Vi = Vi/i, 

i-vr ”!»r < 21 !') 


V and / are the d-c voltage and current and Vi and h the single-phase 
voltage and current. 

If the efficiency be rj and the po^^er factc'v P.P"., the approximate 
single-phase current 


h 


1.4I4Z 
V • P.F.’ 


( 220 ) 


In practice, the efficiency is 92 to 9(> per cent, and the power facto^' is 
l arely allowed to drop below 0.9. 

Three-phase .—At 100 per cent efficiency and unity power factor, 

VI = v/3 Vzh, 


where Fs is the 3-phasc line voltage and li the 3-phase line current. 


/, = / 


V 

VzV^' 
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Neglecting voltage drops in the armature, 


V 141.4 


= 1.(13 (See. 243), 


Fs 8(1.6 '-" 

73 = 0.943/. (221) 

If the efficiency be 77 and the power factor P.F., the approximate 

3 - pha 8 e line current 

( 222 ) 

(With unity poucr factor and with the usual efficiency, Iz = I, 
nearly.) 

Four-phase ,—If the efficiency be tj and the power factor P.F., 

VI = 2(\/2 Vdli • V • P.F. 

where V and I are the d-c vollap:e and current and F 4 and are the 

4- phase v(4tage and current. (Tlie 4-phase system is ('(piivalcnt to 



Fig. 357 Currents and \oltaKe» in doiibU'-Y (t-phasc* s\s<(Mn. 


two single-phase systems in (luadrature, each with voltage -v /2 Vt, 
Fig. 356.) 


74 


Vt_ ^ V 
V'2 “ 2 ' 


Fhe approximate 4-phasc line current is 


, _ 0.707/ 
V P.F. 


(223) 


Six-phase .—The G-phase system may be considered as composed 
of two Y-sysiems or two delta systems, each having one-half the kva 
rating of the 6 -phase system (see Sec. 252, p. 445). Figure 357 
show's a 6 -phase double-Y-connec( ion in which the 6 -phase voltages 
between adjacent lines and to neutral are 7*. A current Is flows in 
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each line. As the 6 phases are all connected together at the neutral, 
this system may be split into two equal Y-systems, Fig. 340(6), each 
having V e volts to neutral. The output of each Y-system at unity 
power factor is SFo/o watts. 

If the efficiency be ri and the power factor P.F., 

VI = 2(3F6/6) V • P F. = 6F,76 • V ■ P.F., 

V 141 4 

7^ = ^ = 2.828 (Fk.356), 

, _ 0.471/ 

tj • P.F." (224) 

(With unity power factor and the usual efficiency, = 0.51, nearly.) 
Summarizing for unity pow(>r factor and 100 per eent efficiency. 


Number of Number of Rutio 
slip rings phases 








60.0 a 490 a S®**’ Field 909 a 

Fig. 358.—Cuiients and voltages in 6-pha.se 500-kw synehronous convoiter and 

ti aiisfoi nieis. 

The convertor is supplied from a 6,600-volt 60-cyele 3-phase system. The trans¬ 
former primaries are eonneeted in delta and the s(*condaries in (i-pha»e star. 
Determine (a) direct current; (6) shp-ring current; (c) slip-ring voltage to neutral; 
(d) diametrical transformer secondary voltage; (c) transformer primary currei's; 
(/) a-c line current; (g) kva rating of each transformer. [Neglect transformer 
magnetizing current and losses. 

(a) V = 550, 

, 500,000 

I ~ = 009 amp. 


(6) From (224), 


0.471 ♦ 909 
0.93 • 0.94 


= 490 amp per line. Ans, 


h 
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(c) From Sec. 243, the voltage between slip rings that are electrically adjacent 
is (50/141.4)550 = 194.5 volts. Since the secondary connection is 6-phase star, 
the voltage to neutral is also 194.5 volts. A ns. 

(d) The diametrical secondary voltage is 

2 • 194.5 = 389 volts. Ans. 

(c) The transformer voltage ratio is 6,600/389. Hence the primary current is 

QQQ 

4^0 = 28.9 amp. Ans. 

o,o0U 

(/) The line current is 

V3 28.9 = 50.0 amp. Ans. 

{g) The transformer kva rating is 


6,600 • 28.9 

1,000 


191 kva. 


Ans. 


246. Conductor Currents in Armature of Converter. —It has been 
pointed out that the synchronous converter has a high efficiency 
because the net current in each armature conductor is the difference 
between the alternating current and the direct current which would 
exist separately in that (‘onductor. The reason for this is obvious. 

The alternating current entering 
through the slip rings is a motor 
current, driving the machine as a 
synchronous motor, and is, there¬ 
fore, in opposition to the induced 
emf. The armature current that is 
delivered by the commutator to the 
brushes is a generator current and 
is, therefore, in conjunction with 
the induced emf. Both the alter¬ 
nating and the direct currents uti¬ 
lize the same conductors, rotating 
in the same field. Under these 

Fig. 359. Relative positions of con- conditions, the two currents must 
ductors and slip-nng taps. , , , 

flow in opposite directions. The 
net current in each conductor must be the difference^ therefore, between 
the motor current and the generator current. 

The wave form for the resultant current in the various conduc¬ 
tors is very irregular and differs for the different armature conduc¬ 
tors. The value of the resultant current also differs in the different 



conductors. 

Consider conductor a, Fig. 359, which lies midway between two 
slip-ring taps. First consider the direct current in this conductor as the 
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conductor moves through successive positions (1), (2), (3), (4). If 
the load be assumed constant and the width of the brush be neglected, 
the direct current will be positive and will not vary as the conductor 
moves from (1) to (2) to (3). At (3), a brush position, the current 
reverses abruptly and then remains constant until the (‘‘inductor 
reaches position (1). This is shown in Fig. 360(a), 

The conductor a is midway between slip-ring taps, so that it is at 
the center of the a-c phase belt which is im luded between these slip¬ 
ring taps. The phase of the emf in a is the same as that of the resultant 
emf of the entire belt. This is evident from a study of Fig. 355 (p. 



Fig. 3fj0.—Current at unity power factor in a conductor midway between blip-ring taps. 

430), although a conductor at the exact center of the winding is not 
shown in that figure. 

Assume that the current is in phase with the indu(;ed emf (power 
factor nearly unity). When a is in position (1), Fig. 359, the alternating 
current in the entire phase belt is zero; when a reaches position (2), 
the current is a maximum; etc. This current is plotted in Fig. 3G0(a), 
a sine wave being assumed. The alternating ( urreiit is opposed to 
the direct current, since one is a motor current and the other a genera¬ 
tor current for the same induced emf. The resultant current is foudd 
by adding the two currents, point by point, the result being shown in 
Fig. 360(6). This resultant current is irregular in form, and its 
rms value is small compared with that of either of the component 
currents. 

This resultant current, though periodic, is not a sine wave and, 
therefore, must be made up of a current wave of fundamental fre- 
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quency and higher harmonics. As the fundamental component of 
the current is assumed to be in phase with the induced emf, the product 
of this current of fundamental frequency and the induced emf gives 
the power necessary to supply the rotational losses, which include 
friction, windage, and core losses. 

Next consider conductor 6, Fig. 359, at one of the slip-ring taps but 
in the same phase belt as a. As this conductor passes through the suc¬ 
cessive positions (1), (2), (3), (4), the direct current is the same for each 
position of b as it was for the corresponding position of a. This direct 
current is plotted in Fig. 301 (a). The alternating current in h must 
be the same as in a, for the two are in the same phase belt and so are in 
series. When conductor h is in position (1), a is in position (4) and, 

therefore, the current in both a 
and 6 is a positive maximum, 
from Fig. 300. When h reaches 
(2), the current is zero, etc. 
This (Uirrent is plotted in Fig. 
301(a). The resultant current 
is shown in Fig. 361(6). 

It will be noted that the re¬ 
sultant current in conductor 6 is 
distinctly greater in magnitude 
than the current in condu(*tor a, 
Fig. 360(6). At unity power 
factor, th(5 heating in the con- 
du(;tors nearer the slip-ring taps 
will be greater, therefore, than it 
is in the conductors midway 
between taps. On the other 
hand, it can be shown that the 
t ig.3(u .--Current at unity heating in conductor c, in the 

same phase bolt as a and 6 but 
at the other tap, is the same as that in 6 at unity power factor. If the 
power factor is other than unity, it can be shown that the heating in c 
is different from the heating in either a or 6. 

The converter rating is determined by the allowable temperature^, of 
the hottest part of its armature. Although the conductors midway 
between slip-ring taps are operating at temperatures lower than the 
allowable safe values, the converter rating must be adjusted to con¬ 
form to the safe temperature limits of the condu(;tor whose temperature 
is highest. 

The greater the number of phases, the greater will be the number 



(6) Resultant Current 
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of slip-ring taps. This will produce a lesser temperature range owing 
to difference in position of the various armature conductors, because 
the resultant of the direct and the alternating current for conductors 
located near the slip-ring taps, being the conductors that operate at 
the highest temperature, is decreased in magnitude. The average 
heating for all the conductors will be reduced, which will permit an 
increase in rating for the converter. The rating of a given converter 
increases rapidly with increase in the number of phases, as shown in 
Sec. 24G, which gives the rating of a converter for different numbers of 
phases, the output as a d-c generator being taken as unity. 

246. Effect of Number of Phases and of Power Factor on Output 
of Synchronous Converter. —The considerable gain in rating obtained 
by operating a converter 6-phase is the reason why 6-phas? converters 
are used so (iommonly. The advantage obtained by operating 12-phase 
is usually offset by the added wiring complications. 


Converter Ratines 


Number of 
phases 

P.F. = 1.0 

P.F. =0.9 

1 

0.85 

0.74 

D.C. 

1.00 

1 .00 

3 

1.33 

1.09 

4 

1 65 

1.28 

6 

1.93 

1.45 

12 

2.18 

1.58 


247. Effect of Power Factor on Converter Rating. —The rating and 
efficiency of a converter decrease much more rapidly with decrease in 
power factor than is the case with other types of a-c machincr 3 ^ This 
results from the rapid increase in the resultant cuiTcmt in the converter 
armature with phase displacement between the a-c and the d-c weaves. 
Assume that, in Fig. 361, the alternating current lags the induced emf 
by 45°. This corresponds to a power factor of 0.71. For the same 
power and emf, the a-c wave must be increased to 1/0.71, or 1.41, 
times the value shown in Fig. 361. This current wave is shown in 
Fig. 362(a). It is to be noted that the resultant wave shown in Iig. 
362(6) has been increased considerably in magnitude over the value 
shown in Fig. 361 (6). Hence, for the same heating in the two cases, 
it would be necessary to lower by a considerable amount the output of 
the converter operating at a power factor of 0.71. The table in Sec. 
246 shows the large reduction in rating caused by lowering the power 
factor from unity to 0.9. 
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At values of power factor other than those near unity, the syn¬ 
chronous converter loses most of its advantages over the motor- 
generator set. Therefore, a converter should be operated at a power 
factor that is very nearly unity. 



Fig. 302.—Effect of low power factor on current in conductor at slip-ring tap. 

248. Armature Reaction in Converter.—^At unity power factor, 
the resultant current in a converter armature is comparatively small, 
as shown in Fig. 360(6). The armature reaction is correspondingly 
small, therefore, and there is practically no distortion of the field. As 
a result, the machine commutates very much better than when 
operating as a d-c generator carrying the same load. When the power 
factor decreases, the resultant armature current increases, as shown in 
Fig. 362(6). As the rotational losses do not change to any great extent 
with change of power factor, the power necessary to supply these losses 
changes only by a small amount with change of power factor. Hence, 
the energy component of the fundamental of the resultant current 
changes only by a small amount with change of power factor, since the 
power necessary to rotate the armature is equal to this energy com- 
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ponent multiplied by the induced emf. At power factors less than 
unity, therefore, practically the only current that is added to the 
energy current existing at unity power factor Is a quadrature current, 
lagging or leading the induced emf by 90 time degrees. Only the 
energy component or the component of current in pha.st "ith the 
induced emf produces cross magnetization (see p. 189). When the con¬ 
verter is operating direct, any current in quadrature with the induced 
emf merely strengthens or weakens the he’d, depending on whether 
the current lags or leads. Conseciuently, there is magnetizing action 



I 


Fig. 303. Armature of 24-pole 60-evele 300-ipm 2,250-kw., 230-270-volt 

romituitating-polo synchronoub eonvciter with sjiiehionous boobter. {General Elec-- 
trie Co.) 

on the fields when the current lags and demagnetizing action when the 
current leads (see Chap. XI, Secs. 218 and 219, pp. 390 and 391). As 
a result, the added quadrature current merely strengthens or weakens 
the field but does not distort it. Hence, there is little or no sparking 
in a converter armature due to field distortion. 

It will be remembered (see Vol. I, Chap. XII) that in a d-c machine 
an emf of self-induction exists in the armature coils which are under¬ 
going commutation. It is desirable, therefore, that a counter emf, 
opposite and equal to this emf of self-induction, be induced in the coils. 
Otherwise, sparking will exist even if there be no field distortion. In a 
d-c generator, this counter emf is obtained either by moving the 
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brushes ahead of the neutral plane or by the use of commutating poles. 
The counter emf assists the current in the coils undergoing commuta¬ 
tion to reverse, and better commutation results. The same emf of 
self-induction exists in the converter coils that are undergoing com¬ 
mutation. Commutating poles are used in converters, therefore, 
particularly in those of large rating, in order to improve commutation. 
The commutating poles need not be so strong as those which are 
required for a d-c machine of the same rating, for there is little or no 
cross magnetization to be neutralized. 

The rasultant current in the armature conductors of a converter, 
under ordinary conditions of operation, is considerably less than either 
the alternating or the direct current. Therefore, a much larger com¬ 
mutator, in proportion to the armature, is required than would be 
necessary for a d-c generator having an armature of the same size- 
Converter armatures have abnormally large commutators [see Fig. 3()3, 
which shows the armature of a 2,250-kw General Electric synchronous 
converter with synchronous booster (see p. 442)]. 

249. Voltage Control, a. Field Control .—The ratio of the d-c 
emf to the a-c emf in the usual converter armature is fixed, regardless 
of field excitation. The ratio of hrnsh voltage to slip-ring voltage, 
however, may be changed a limited amount by vaiying the field 
excitation. The brush voltage and the diametri(*al slip-ring rms 
voltage multiplied by y/2 differ from each other by the a-c impedance 
drop and by the d-c resistance drop through the converter armature. 
The d-c resistance drop is small in comparison with the impedance 
drop. If the impedance drop changes in either phase or magnitude, 
the ratio of brush voltage to slip-ring voltage changes. The imped¬ 
ance drop may be varied in phase and in magnitude by changing the 
excitation. Weakening the field below the value that gives unity 
power factor makes the current lag, increases its value, and lowers the 
induced emf (sec Fig. 331, }). 398). Strengthening the field above 
the value that giv(\s unity power factor makes the current lead, 
increases its value, and raises the induced emf (see Fig. 330, p. 39()). 
Therefore, the effect of changing the field excitation is to change the 
power factor, Avhich in turn changes the magnitude and phase of 
the impedance drop in the armature, as has been explained in con¬ 
nection with the synchronous motor (see pp. 390 to 398). The ratio of 
brush voltage to slip-ring voltage can be changed, therefore, in this 
manner. This ratio can be varied by an amount not exceeding 5 per 
cent above and below normal, increase in voltage usually being limited 
by saturation of the magnetic circuit. Also, the voltage ratio and the 
power factor cannot be adjusted independently. 
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b. Series Reactance .—It is shown in Sec. 233 (p. 414) that the 
voltage at the terminals of a synchronous motor can be raised by 
overexcitation and lowered by underexcitation, provided that there is 
sufficient reactance in the circuit between the motor and I he source of 
constant voltage. As the converter is operating on its a ' side as a 
synchronous motor, it has excitation characteristics similar to those 
of the synchronous motor. That is, overexcitation causes it to take a 
leading current, and underexcitation causes it to take a lagging current. 
Therefore, with series reactance in the a-c line, the alternating voltage 
may be raised and lowered by changing the excitation (Sec. 233, p. 
414). This may be accomplished by hand regulation of the shunt-field 
rheostat or, automatically, by means of a regulator or by compounding. 

Instead of using special series reactances, the transformers, which 
arc usually necessary with a converter, may be designed to have suffi¬ 
cient leakage reactance for this purpose. 

The disadvantage of this method of voltage control is that a change 
of voltage is accompanied by a change of power factor. Lowering the 
power factor by any considerable amount is not desirable, because 
of the decreased efficiency and output that result. The voltage and 
power factor cannot be changed independently. This method is 
usually limited, therefore, to less than 10 per cent variation above and 
below the normal voltage. 

Converters are frequently provided with series vindings for com¬ 
pounding in the same manner as d-c generators (see Fig. 371, p. 453). 
With increase in load the series vdnding increases the excitation and 
thus causes greater lead of the alternating current. This increases 
the d-c voltage in the same manner as an increase in the shunt-field 
current. 

r. Induction Regulator —The induction regulator has already been 
described in connection with the induction motor (see p 358). This 
type of regulator may be connected between the transformers and the 
converter, in which case it must have the same number of phases as the 
converter. It is more common, houever, to connect it between 
the line and transformers in order to reduce the size of leads due to the 
lesser current. The voltage control is independent of power factor, 
and the voltage may be raised and lowered smoothly without inter¬ 
ruption of current. The range of control obtainable with this method 
is 5 to 10 per cent plus or minus. The objections to the regulator are 
the extra equipment and the difficulty of constructing regulators 
capable of withstanding mechanically the shocks to which they are 
subjected during sudden heavy overloads and short circuits on the 
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converter. This is particularly true of converters that supply electric; 
railways with power. 

d. Transformer Taps.—The induction regulator may be replaced 
by a regulating transformer (p. 298). Such tran.sfoimers have less 
magnetizing current than the regulator and can be constructed for 
higher voltage. On the other hand, the voltage changes occur in 
steps ("about 0.58 per cent), and there is the added maintenance of the 
equipment and contacts. 

€. Synchronous Booster. — A. Jow-voltage alternator is often con¬ 
nected to the shaft of the converter. This alternator has the same 
number of poles as the converter. The alternator may be of the 
rotating-field type or of the rotating-armature type. It is, however, 
almost always of the rotating-armature type since this eliminates one 



Booster Converter Converter 

Field Field Field 

Rheostat' Rheostat 


Fig. 364.—Synchronous converter with series booster. 

set of slip rings. The armature of the alternator is connected in series 
with the alternating-current lines supplying the converter, Fig. 304. 
(For simplicity, a 3-ring converter is shovui, although 6-ring converters 
are more frequently used.) By raising the field of the alternator or 
booster, the alternating voltage of the converter is raised. The con¬ 
verter voltage may be lowered, not only by decreasing the booster field 
but by reversing it as well. 

When the booster voltage is assisting the converter voltage, the 
booster acts as an alternator and takes mechanical power from the con¬ 
verter shaft. This increases the energy component of the resultant 
armature current in the converter and, hence, changes the cross- 
magnetizing effect of the armature. When the booster voltage bucks 
the converter voltage, the booster receives electrical energy and 
delivers mechanical energy to the converter shaft. That is, it operates 
as a synchronous motor and tends to drive the converter mechanically. 
The energy current in the converter armature is decreased, therefore, 
and may even be reversed. This causes a variation of the cross 
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magnetization, which, in turn, requires that the strength of the com¬ 
mutating poles be changed accordingly. This is accomplished by 
separate windings on the commutating poles, the current in these 

windings being controlled by the booster field rheostat. The - lation 

in voltage is twice the booster voltage and is about +12 per cent. The 
advantage of this method Oi control is that the voltage may be varied 
independently of power factor. The object!, m to this type of voltage 
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Fk. 305 Twpnt^-f()ui-i)t)lo 2,73()/,3,705-kw .30()-Tpm 210/285-volt synchionous 
coiivoitei with lotcitmg ai mature, smi cl non oils hoo&tci {General Electric Co) 

control is the additional machine. However, it has practically 
superseded the otlier methods of voltage control, particularly with 
large units. Figure 3G5 shows a converter having a booster generator. 

/. Split-pole Converter .—The split-pole converter is based on the 
following principle: 

The total induced d-c emf depends on the total flux between brual ‘S, 
irrespective of the manner in which this flux is distributed. Tlie 
alternating emf depends on the form of the flux w ave, as well as on the 
total flux. Therefore, if the distribution of the flux be altered without 
changing its total value, the alternating emf may be altered in value 
but the d-c emf wdll not be affected. 

In the split-pole converter, the form of the alternating emf wave is 
varied by means of auxiliary poles adjacent to the main poles. The 
main poles are excited by the main field winding, and the auxiliary poles 
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by a separate winding. By changing the auxiliary excitation in con¬ 
junction with the excitation of the main winding, the wave form of the 
alternating emf may be changed, thus varying the ratio of the a-c to 
the d-c voltage. 

Split-pole converters have been superseded by other types, particu¬ 
larly by the booster type. 

260. Efficiency. —Since both the power input and the power output 
of the synchronous converter are electrical, they are easily measured 
^vith electrical instruments, and therefore direct measurement of 
efficiency is made more readily than with most types of electrical 
machinery. However, it is frequently desirable to measure the 
efficiency by the method of losses. The efficiency of converters is 
high, and therefore the measurement of output and input does not give 
the highest precision. Particularly with the larger units, it is fre¬ 
quently difficult to provide and absorb the necessary power. 

With the exception of the armature / ’/P-loss, the losses are deter¬ 
mined in the same manner as for synchronous machines (Sec. 141, 
p. 229). The armature copper loss is equal to the product of the d-c 
armature current squared and the armature resistance measured at 
75®C and corrected by the following factors,^ which take account of 


the opposition of the d-c and a-c currents. 

1. Converters with 3-phase windings (three rings). 0.59 

2. Converters with 2- (or 4-) phase windings (four rings). 0.40 

3. Converters with 6-phase windings (six rings). 0.28 


In the following table are given the weights and conventional 
efficiencies as determined by the AIEE standards for some typical 
synchronous converters. 


Weights and Conventional, Efficienc’ies of Synchronous Converters 
((General Electric Ckmipany) 



1 

1 

Fre¬ 
quency, 
cycles 
per sec 


j 

Conventional efficiency. 


Output, 

kw 

Direct- 

current, 

volts 

Poles 

Speed, 

rpni 

Half 

% load 

44iree- 

(piarters 

Full 

Weight, 

lb 

300 

600 

60 

6 

1,200 

91.2 

93.1 

94.1 

8,500 

500 

600 

60 

6 

1,200 

92 8 

94.3 

95 0 

10,500 

1,000 

600 

60 

8 

900 

93.2 

94.4 

95.0 

20,500 

2,000 

600 

60 

12 

600 

93.3 

94.7 

95.2 

35,000 

3,000 

600 

60 

18 

400 

93.3 

94.7 

95.2 

65,000 

4,000 

600 

25 

14 

214 

95.6 

96.1 

96.3 

99,000 


^American Standard, Rotating Electrical Machinery (Mar. 29, 1943); Defini¬ 
tion 4.113. 
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261. Experimental Determination of Voltage and Current Rela¬ 
tions in Converter.—An instructive laboratory experiment is carried 
out with a converter connected in the manner shown^ in Fig. 366. The 
series reactances may be omitted if the transformers themselves have 
sufficient leakage reactance. Connect instruments to mi' >ure the 
3-phase input, a voltmeter 1^2 to measure the transformer primary 
voltage, a voltmeter Fs to measure the slip-ring voltage, ammeters to 
measure the currents between the transformer secondaries and the 
converter, d-c instruments to measure the converter output, and a 
d-c ammeter to measure the field current. 



Fig. 36G.- Connections foi testing nchronous converter. 


Keep the load on the converter constant at its rated value. Vary 
its field over the maximiim range of o])eration, r(aiding all instruments. 
With field current as abscissas, plot as ordinates: 

1 . Voltages 7i, F 2 , F 3 , Va. 

2. Efficiency of the entire unit. 

3. Power factor. 

Also, check the voltage relations by the equations of Sec. 243 
(p. 431) and the current relations by the ecpiations of Sec. 244 (p. 433). 
Note the effect of power factor on efficiency. 

Other experiments may be performed using the .same connec¬ 
tions, such as keeping the field current constant at its normal no-load 
value (P.F. == 1.0) and noting the changes in efficiency and power 
factor as the load is increased. Plot efficiency and power factor as 
ordinates with output as abscissas. 

252. Synchronous-converter Connections.—Transformers are usu¬ 
ally necessaiy with synchronous converters. The d-c voltage is alwftvs 
low, and the a-c voltage at the slip rings must be still less. Trans¬ 
formers are necessary, moreover, for o])taining a 6 -phase from a 3-phase 
system. 

Usually, the transformer primaries may be connected in either Y 
or delta. The most common 6 -phase connections for the trans¬ 
former secondaries are the ‘‘diametrical/’ the star, and the double Y 
(see Fig. 357, p. 432, and Fig. 371, p. 463). The difference between 
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the diametrical and the star is that the secondaries are connected 
together at the neutral point in the star, whereas, in the diametrical 
connection, three separate secondaries arc connected across diametri¬ 
cally opposite points. There is no difference between the double Y and 
the star if the neutrals of the two Y-systems are connected together. 
Other than a slight effect on harmonics and the fac^t that a neutral is 
available in the double Y, there is little difference in the use of the three 
connections, except with the split-pole converter. 

If the induced emf of the converter armature contains harmonics, 
there will be no circulatory current within the armatures itself, for in 
the d-c type of armature, such as is used for the converter, any emf 
induced under a given pole in one part of the armature is opposed by 
an opposite and ecpial emf induced under an opposite pole. If, how¬ 
ever, the line voltage is practically sinusoidal and the induced emf of the 
converter contains harmonics, there will be unbalanced harmonic 
voltages. The current due to these unbalanced voltages will consist 
entirely of harmonics that contribute no energy to the system but do 
heat the armature and transformers. 

This effect is negligible in the ordinary converter, but in the split- 
pole type the voltage control depends on the introdu(;tion of large 
harmonic voltages into the emf wave. When this type of converter 
is used, therefore, the transformer connections must Ixi so chosen that 
as many as possible of the harmonic currents are eliminated. Most 
3-phase transformer connections eliminate th(^ third-harmonic current 
and its multiples, with the following two exceptions: The })rimaries 
cannot be connected in delta if the secondaries are connected either 
diametrical, 6-phasc star, or double Y, with the neutrals of the two 
Y-systems conneeded together, for the third-harmonic currents in the 
secondaries, because of unbalanced harmonic; voltages, will cause 
third-harmonic currents to circulate in the; primary delta, producing 
extra heating in the converter armature and in the transformers. 

The harmonic currents other than the third and multiples thereof 
are not eliminated by 3-phase connections, but they are reduced to 
small values by the use of series reactances or by using transformers 
having high leakage reactance. 

Figure 358 (p. 433) shows the connections for a 50()-kw converter 
and transformers taking power from 6,()00-volt 3-phase 60-cycle supply 
and delivering 550 volts direct current. The transformer primaries 
are connected in delta, and the secondaries can be connected either 
diametrical, star, or double Y. (If this were a split-pole type of con¬ 
verter, the primaries could not be connected in delta, but they must 
be connected in Y without neutral return to main generator.) The 
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advantage of the star and the interconnected doiible-Y connection is 
the fact that a neutral is accessible. The voltages and currents at 
each part of the system are shown. A power factor 0.94 and an 
efficiency of 0.93 for the converter are assumed. 

The double-delta connection of secondaries also may ' e used. 
Such a connection for a converter is shown in Fig. 367. The arrows 
point in the relative directions in which the voltages act. No neutral 
is available if this method of connecting the transformers is used. 

263. Inverted S 3 mchronous Converter.—When a converter oper¬ 
ates from a d-c source and delivers alternating current, it is known as 
an inverted synchronous converter. The d-c side has characteristics 
similar to those of a shunt or a compound motor. The a-c side has 
characteristics similar to those of an alternator. A converter when 
operating inverted has the same rating as when operating direct. 



Fi(i. 307.- Duuhlo-dolta roniicotioii of traiibf or hicks to O-pha.se synchronous converter. 

Since the losses are supplied l)y the direct current, the d-c power com¬ 
ponent of current in the armatures will exceed slightly the power com¬ 
ponent of the alternating current. 

When operating from the a-c supply, the ^peed of the converter 
must be in synchronism with the supply and hence constant. When 
operating alone from the d-c supply, the speed is determined by the 
counter emf and the flux, just as in any d-c motor, and the speed may 
vary. In fact, at times there is a tendency for the inverted converter 
to race, so that inverted converters should have speed-limiting devici 
An inductive load on the a-c side weakens the field through armature 
reaction, in the same manner that the field of an alternator is weakened 
under similar conditions. The weakening of the field increases the 
speed of the converter. This increased speed causes the current to lag 
still more (tan 6 — 2TfL/R) because of the increased frequency. As 
the effect is cumulative and may cause the armature to reach dangerous 
speeds, the necessity for using a speed-limiting device is obvious. 




448 


ALTERNATING CURRENTS 


A centrifugal device is often used to trip the circuit breaker when 
the speed exceeds the safe value. Another method, not often used, is 
to have an exciter on the converter shaft. As the speed increases, the 
exciter voltage increases and the converter field is strengthened. This 
tends to check the increase in speed of the converter. 

Inverted converters will operate satisfactorily in parallel on the 
alternating-cui’rent side, the load on any converter being increased by 
weakening its field. 

254. Starting S 3 nichronous Converter from Alternating-current 
Side.—There are several methods of starting direct synchronous con- 



Vio. 3G8.—Relative diioctions of Fio. 3()9 Coniioctions of bhunt field and 

lotation of the annatuio and of the bhunt-field-splitting bwitch. 

rotating field pioduc*ed by the 
ai mature. 

verters, some of which are similar to the methods used with the syn¬ 
chronous motor. 

If polyphase currents are supplied to the armature, a rotating field 
is produced about the armature, Fig. 308. This is similar to the rotat¬ 
ing field of the induction motor, except that it is produced by a rotat¬ 
ing armature about itself. If the armature speed is b('low synchronism, 
this field cuts the pole fiices and the damper windings. Fig. 372, 
and induces currents. A reaction results between the rotating field 
and these induced currents, producing rotation. 

In starting the converter in this manner several precautions are 
necessary. The armature is the primary, and the shunt-field coils are 
the secondary of a transformer, the secondary having a very large 
number of turns. The rotating-armature field, therefore, induces 
very high emfs in the field coils on starting and tends to puncture them. 
To reduce these emfs, the field is usually split into sections by a field¬ 
splitting, or sectionalizing, switch. Figure 3G9 shows the connections 
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of a 3-pole switch used to sectionalize in 4 parts the field circuit of a 
4-pole converter. This sectionalizing switch should he open in starting 
from the a-c side. 

If there be a switch short-circuiting the series field, this should be 
opened, as otherwise the currents induced in the series by the 
transformer action of the armature will cause undue heating. If 
there be a series-field shunt, or diverter, this should be opened for the 
same reason. 

The rotating field produced by the armature cuts the armature 
conductors, Fig. 368, just as if the armature were rotating and cutting 
the flux of a stationary field, as in the d-c generator. This field induces 
emfs in the armature coils. Some of these coils are short-circuited by 
the brushes, so that sparking under the brushes results, t ven though 
there is no d-c load. This sparking may not be severe, as the rotating 
field is comparatively weak in the interpolar sj)aces v here the brushes 
are, because of th(‘ high reluctance of the air path at these points. If 
interi)oles are used, however, the reluctance of the interpolar space is 
reduced materially, so that spaiking becom(\s severe. Consequently, 
brush-raising devices are ustially installed on interpole ma(*hines, to 
lift the brushes on starting and so eliminate this sparking. One of 
the brushes in a positive brush holder and one of the brushes in a 
negative ])rush holder (i)ilot brushes) are usually left on the commuta¬ 
tor to supply the field excitation. In order to reduce the sparking 
caused by these two biTishes short-circuiting armature coils in vhich 
emfs are induced by tlie rotating field, the brushes are often beveled 
so that the time of short-circuiting, is reduced to a minimum. Con¬ 
verters are started at reduced voltage obtained from taps on the 
transformer secondaries, although starting compensators are used at 
times in the units of smaller size. With converters of large rating, 
the switches or circuit breakers necessary for making the connections 
to the transformer secondaries and taps are costly because of the very 
large currents. Therefore, reduced voltage is frequently obtained by 
Y-dclta connections of the transformer primaries (p. 333). Since the 
change from Y to delta produces a jihase shift of 30° in the voltages 
across the converter slip rings, the connections should be such that t^e 
Y-voltages lead the delta, or running, voltages. The time required to 
switch from Y to delta then can be adjusted to that required for the 
converter armature to slip back 30 e lectrical degrees. 

As a rule, converters excite their own shunt fields. The armature 
rotates in a direction opposite to that of the rotating field which is set 
up about it, Fig. 3()8. Therefore, as the armature approaches syn¬ 
chronism, the rotation of this field becomes slower and slower with 
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respect to the field structure, as the rotating field rotates in one direc- 
tion and the armature in the opposite dire(*tion. The field poles them¬ 
selves, which are magnetized alternately north and south by this field, 
become more and more slowly magnetized as the armature approaches 
synchronism. Tinally, owing to hysteresis action (sec Ohap. -X.I, 
See. 227, p. 406), the poles themselves become permanently magnetized 
through armature reaction, and the armature pulls into synchro¬ 
nism in a manner similar to that of the salient-pole synchronous motor 
when started in this way. 

When the shunt-field switch is closed, the field produced by the 
shunt winding may oppose the field built up in the field poles by 
armature reaction. Comseciuently, there is a tendency for the arma¬ 
ture to slip a pole. Shtnild the armature slip a pole, the d-c voltage 
at the brushes reverses. This reverses the shunt-field current, which 
again causes the converter to slip a pole. This action, unless checked, 
may continue. It may be stopped by reversing the shunt-field current 
by means of the field-reversing switch. Fig. 369. 

It often happens that the d-c field is not strong enough to cause the 
armature to slip a pole, because the ^Id volt^age may be low, owing to 
the alternating voltage being reduced through the starting laps. The 
tendency exists, however, and, because of the resulting distortion of 
the pole flux the brushes are no longer in the commutating zone. The 
brush voltage is thereby reduced, which again reduces the tendency to 
slip a pole. The converter w ill continue to run under th(^se conditions; 
but it will take a large current at low' powder factor and will spark at 
the brushes, and its operation will be unsatisfactory. Should this 
condition occur, it is usually preferable to open the field switch, throw 
the line switch again into the starting position, and allow^ the armature 
to come into synchronism again. 

265. Methods of Obtaining Correct Polarity.—It is imi)()i tant that 
the converter always build up to the same d-c polarity, as if may be 
operating in parallel with other ai)paratus. As has just been pointed 
out, the converter may build up with either polarity. If this polarity 
happens to be wrong, there are sev(‘ral methods of correcting it. 

Below^ are given some of these methods. The starting compensator 
(or transformer taps) is assumc'd to be in the starting position. 

a. Open the shunt-field circuit, and then open the line switch long 
enough for the converter to slip one pole. This can be determined 
very readily with a stroboscope. Close the field switch, and then 
throw the a-c switch quickly into the running position. With a little 
practice this operation can be performed easily. 

b. Reverse the shunt field by means of the field-reversing switch. 
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This causes the converter to slip a pole and so reverses the d-c voltage 
making the polanty correct. If left this way, the converter will con- 
tinue slipping, one pole at a time, as has just been pointed out. There¬ 
fore, the shunt-field switch must be thrown back immedi{n’'4y to its 
original position. 

c. When the converter i'> first connected across the a-c line, the 
rotating field produced by the armature cuts the armature conductors 
and induces alternating currents in these conductors, as has been 
pointed out. The brushes are stationary and the field rotating, so 
that there is no commutating action. Thus there is an alternating 
emf of line frequency across the brushes at the instant of starting. The 
armature rotates in a direction opposite to that of its rotating field 
because of the reaction with the pole-face currents. This h illustrated 
by Fig. 368. The rotating field about the armature is shown as rotat¬ 
ing clockwise. A conductor, such as a pole face, when placed in this 
field, would tend to rotate clockwise. That is, if tlie armature were 
held stationary, the field structure would tend to rotate in the direction 
of the rotating flux produced by the armature, or in a clockwise direc¬ 
tion. The torque produced by this rotating flu\ is therefore in such a 
direction that it tends to cause the field structure to rotate in a clock¬ 
wise direction. The field structure, however, is fixed in position, and 
the armature is free to rotate. The reaction between the two remains 
unchanged. Conseciuently, the armature will rotate in a counter- 
clockwise direction. The relative motion between armature and field 
structure is the same as if the armature w^ere stationary and the field 
were free to rotate. 

As the speed of the armature increases, the field produced by it 
must rotate more and more slowly in space^ although it does not 
change its speed relative to the armature. The brushes tend to become 
more nearly stationary with respect to this rotating field, so that the 
frequency of the emf across the brushes becomes less and less. When 
the armature finally pulls into synchronism, the frequency of the emf 
across the brushes becomes zero, giving a d-c voltage. 

If a d-c voltmeter be connected across the brrshes, its pointer will 
tend to oscillate at line frequency when the alternating current 
first switched on. As the armature speeds up, this frequency becomes 
less and less, and the pointer is soon able to follow^ the slow oscillations. 
When the frequency of oscillation becomes very low and the pointer is 
just going through zero in the positive direction, the field switch should 
be closed. This ensures the converter's coming in with the correct 
polarity. A zero-center type of voltmeter is desirable when this 
method is employed. 
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d. If the converter operates in parallel with others, and equalizers 
are used, a weak field of the correct polarity may be produced in the 
field of the incoming converter by closing a line and an equalizer 
switch. Fig. 370. This tends to make the armature-reaction mmf 

build up a field of the correct 
polarity and so ensures the con¬ 
verter coming in properly. 

266. Starting Synchronous 
Converter by Means of an Aux¬ 
iliary Motor.—As is pointed out 
in Chap. XI, one method of 
starting a synchronous motor is 
to bring it up to speed with an 
auxiliary motor and then syn¬ 
chronize (see Sec. 227, p. 405). The same method may be used with 
the converter. The methods of synchronizing are identical with those 
used with the alternator (see Sec. 14G, p. 240). 

267. Starting Synchronous Converter from the Direct-current 
Side.—If sufficient d-c power is available, the converter may be started 
from the d-c side, starting as a shunt motor. When started in this 
manner, the series field sliould })e short-circuited, as it will oppose the 
shunt field when the convertej' operates as a motor and will reduce the 
starting torque. The transformer secondaries are short circuits on 
the d-c armature at starting; for the frequency is zero, and their resis¬ 
tance is very low. This is especially true if the brushes happen to be 
resting on commutator segments that are conn(K*tod directly to the slip- 
ring taps. Th(»refore, the transformers should be disconnected. The 
proper speed is obtained by adjusting the shunt field. As there is 
practically no voltage control in the simple converter when operating 
in this manner, it is not always possible to adjust the alternating volt¬ 
age to a value equal to that of the line. To prevent any disturbance 
that may result from synchronizing at a voltage other than bus-bar 
voltage, some of the starting resistance often is left in the armature 
circuit until after the machine has been synchronized. 

268. Parallel Operation of S 3 mchronous Converters.—Synchronous 
converters may be operated in parallel on the d-c side, just as shunt 
and compound generators are operated. If one series-field winding be 
used on each machine, only one equalizer is necessary. If the machine 
is a 3-wire converter and is compounded, there will be two series fields, 
Fig. 371. In this case, two equalizer switches are necessary (see Vol. 
I, Chap. XIV). The loads are shifted by changing the voltages of the 


— Bus 



Fig. 370.--Mctliod of obtaining cor¬ 
rect polarity by closing equalizer and 
series-field switches. 
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converters, either by field control or by any of the other methods 
already described. 

Better operation is obtained if each converter has its own trans¬ 
former bank, rather than having; a single bank that supplies all the 
converters. The individual transformer bank introduces mo' or less 
reactance between converters and stabilizes their operation. It may 
even be necessary to install series reactances in the transformer leads. 

The a-c side of a converter may be opened accidentally by a circuit 
breaker or otherwise, while the d-c side still may be connected to a 
source of power, such as other converters or a storage battery across 
the bus bars. The converter will then tend to operate as a shunt 
motor, usually with a weakened field, owing to the differential action 



1 lo. 371.” Till ee-\MU' J20-volt direct-curiont sv‘=;tem obtained from 220-volt bjii- 
('liionou'3 (oiiveitei employing G-phabC stai connection 

of the compound winding. Under these conditions the converter may 
tend to race (see p. 417). (\>nAerters, tlierefore, are usually equipped 
with rev(*rse-en('rgv r(4ays on the d-c side, or eh^ the d-c breakers are 
interlocked with the a-c ones, so that the d-c side will be opened simul¬ 
taneously with the a-c side. This system does not operate, however, 
under failure of the incoming a-c pow^r. Hence, practically all con¬ 
verters are equipped wuth speed-limiting devices that trip out both the 
d-c and a-c sides w^hen the speed reaches too high a value. 

269. Converter Dampers. —The resultant current in the converter 
armature conductors produces the tonpie that overcomes the stray 
powder losses of the converter. This resultant current is the difference 
of tw^o nearly equal currents, as has been demonstrated. A small 
percentage change in either the motor current alone or the generator 
current alone produces a large percentage change in this torque current. 
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Thus the converter is sensitive to line disturbances, such as fluctuations 
of voltage or of frequency. Accordingly, it has a much greater tend¬ 
ency to hunt than the synchronous motor even. For this reason, 
converters always have amortisseur, or damper, 
windings or grids built around and into the 
poles, Fig. 372. The action of these windings 
is the same as in the synchronous motor 
described on p. 403 (Sec. 220), except that the 
windings are no^v stationary in space. The 
armature that produces the rotating field rotates 
at synchronous speed in one direction, and the* 
rotating field itself rotates at synchronous speed 
in the opposite direction \\ith respect to the 
armature. Under normal operation, therefore, 
the field is stationary in space uith respect to the damper windings. 

260. Three-wire Converter. —It is shown in Vol. I (Uliap XV) that 
the neutral of a 3-OTre system may be obtained by the use of two or 
more slip rings connected to the d-c armature. A reactor is con¬ 
nected across the slip rings, and alternating current flows through the 
reactor. The neutral is connected to the mid-point of tjie reactor, 
and the direct current of the neutral divides and passes Ixick into the 
armature through the reactor. The reactor has a low resistance and 
has practically no effect on the direct current. 




iiiiiift 
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Fig 372 Miun polo 
with damiier winding. 



Fig 373 —Zigzag connection of 3-pliaso secondaiics fot eliminating d-c magnetizing of 

tiansfoiinei coies. 


It is to be noted that a synchronous converter with the projier 
transformer connections provides a neutral point for just such a d-c 
neutral. For example, if a 6-phase double Y with interconnected 
neutrals or a 6-phase star, Fig. 371, a 4-phase star, or a 3-phase Y-con- 
nection of transformer secondaries be used, an excellent neutral point 
is provided. 

In the first two of these connections, the direct current flows in 
opposite directions through the halves of each transformer secondary, 
so that there is no d-c magnetizing action on the core. In the Y-con- 
nection, however, this is not the case, and the magnetizing action of 
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the direct current, acting in conjunction with that of the alternating 
current, produces a pronounced unsymraetrical cyclic magnetiza¬ 
tion of the iron. This is undesirable; for it results in an increased 
magnetizing current whose positive and negative waves will l)e unequal 
and dissimilar, and the transformer losses are increased. By s''litting 
each transformer secondary into two sections, a,a', b,b', c,c\ hig. 373, 
and connecting as indicated, it is seen that the direct current flows in 
opposite directions in the halves of each .secondary winding and, 
consequently, has no appreciable magnetizing effect. 

Figure 371 shows the complete connection for a 6-phase 220-volt 
3-wire converter, having two series fields and with the d-c nputral 
connected to the neutral of the 6-phase star-c.onnected transformer 
secondaries. 



CHAPTER XIII 

TRANSMISSION OF POWER BY ALTERNATING CURRENT 

26L Transmission Systems. —To transmit power economically 
over considerable distances, it is necessary that the voltage be high. 
High voltages are I'eadily obtainable with alternating current. As hiph 
as 20,000 volts may be generated directly. For voltages in excess of 
this it is desirable to use transformers, as it is difficidt to insulate the 
generators for these higher voltages. The transmission voltage is 
usually too high for commercial uses, but for purposes of distribution it 
may be stepped down to the desired value by the use of tr.ansfonners. 

In the i)ast it has been po.ssible to raise and lower direct-current 
voltages for commercial power only by machines having rotating 
commutators. The effici(>ncy of such apparatus is not high, and 
operating diflSculties are encountered in connection with the commijta- 
tors, even at comparatively low' \oltages. Th(>rmionic tubes, the 
ignition of which is controlled by grids or other means, have been 
developed more or less experimentally to the point where it is possible 
to transmit power with direct current at high voltage (Chap XV). 
However, \ip to the present time, alternating current is nearly always 
used for transmission purpo.ses. (The one exception is the Thury’ 
system in Euroi)e.) AVhen* considerabh* j)ower is involved, polyphase 
systems are used because of the many advantages of polyphase over 
single-phase systems. For example, polyi)hase motors are considerably 
cheaper and lighter than singh'-phase motors of equal rating and, as a 
rule, have better operating characteiistics. The ratings of generators 
and converters when operating polyphase is much greater than when 
operating single-phase (see pp. 123 and 437). 

Of the polyphase systems, the 3-phas(' system is generally used for 
transmission, although the employment of 2-phase for distribution 
purposes is not uncommon. The 3-phase system has the advantage 
that it requires the least numb(>r of conductors of the polyphase sys¬ 
tems; the voltage unbalancing even with unbalanced loads is not 
usually serious; and for a given voltage between conductors, with a given 
power transmitted a given distance with a given line loss, the S-phase 
system requires only 75 jjer cent as much copper as either the single¬ 
phase or the 2-phase system. 

*8ee Vol. I (Chap. XII) and also “Standard Handbook,” 7th ed.. Sec. 13. 
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The single-phase system is used in railroad electrification, where 
single-phase power is supplied at the trolley The most notable 
examples are the New York, New Haven & Hartford Railroad, the 
Norfolk and Western Railway, and the Pennsylvania Railroad 

When the voltage is so high as to make transformers ne< jssary, 
the power is usually generated at 6,600 or 13,200 volts. These voltages 
are not so high as to make difiicult the proper insulation of the genera¬ 
tors, while at the same time the armature conductors, the bus bars, and 
the leads running from the generator to the bus bars do not become too 
large. 

The transmission voltage is determined largely by economic con¬ 
siderations. Although a high voltage reduct‘s the conductor cross 
section, the saving in copper or aluminum may be offset by the 
increased cost of insulating the line, by the increased size of trans- 
mission-line structures, and by the increased size of generating stations 
and substations, due to the large clearances required by the high- 
voltage leads and bus bars. A rough basis for determining the trans¬ 
mission voltage is to use 1,000 volts per mile of line. 

Because of the danger involved, it is not usually permissible to carry 
high-voltage transmission lines through thickly populated districts in 
order to reach the distributing substations. The voltage is usually 
stepped down to about 13,200 or 26,400 volts at substations located at 
the outskirts of the city and is then carried into the city underground, 
or occasionally overhead, at 13,200 or 26,100 volts. ^ 

Figure 374 shows a typical system. No attempt is made to show 
switches, circuit breakers, etc. Power is genc'rated at 13,200 volts 
and is delivered directly to the 13,200-volt bus bars. Then it is 
stepped up to 132,000 volts, the transmission voltage, by delta-Y 
transformer banks whose secondaries are connected to the 132,000-volt 
bus bars. The power then passes out over the duplicate transmission 
lines to a substation located in the outskirts of the district where the 
power is to be utilized. It is then stepped down to 26,400 volts by 
Y-delta transformer banks and delivered to the 20,400-volt bus bars 
at this substation. The power then leaves the 26,400-volt bus bars 
for the various distributing substations in the district. One dir - 
tributing substation is shown. Here the voltage is stepped down to a 

^ In 1927, the Commonwealth Kdison Company of Chicago installed 6 miles of 
special 132,000-volt hollow-conductor cable, and at the same time the ISew York 
Edison Company installed 12 miles of such cable. In both installations the 
operation of these cables appears to be satisfactory. See P. Torchio, “132,000- 
volt, Single-conductor, Lead-covered Cable, Trans, AIEE^ November, 1927, 

p. 186 . 
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S-phaee 4-wire system. In this system there is 4,000 volts between 
conductors, oi- 2,310 volts to neutral, for distribution to the consumers. 


13,200-V. Generators 
13,200-V. Bus Bars 
Delta-Y 

Transformer Bank 
132,000-V. Bus Bars 

132.000-V. 

Transmission Lines 

132.000-V. Bus Bars 

Y-A Trans. Bank 

26.400- V. Bus Bars 

26.400- V. 

Underffround Cable 
26.400-V. Bus Bars - 
Delta-Y 
Trans. Bank 
4000. 2300-V. 

8-Ph. 4-Wire Bus Bars 



\ Generatingr 
Station 


Transmission 

Lines 


Sub-station 


U J 

-^4t: 


Consumers* Service 
.230-116 -V. 3-Wire Lighting Mains 
2300-230 V. Lighting Trans. 

I Sub- 1x^650-V. .3-Ph. Line __208-120 V. 

I station T <^7 4000 - 550-V. V Network 

— ' - . '_J A“A Connected Power ^ 

Transformers y * 


Distributing Lines 
(Overhead or Underground) 

I'lG. 374. Tj pical connections of power sy&tein. 

Usually, the lighting and the power loads are connected to separate 
feeders, in order to avoid the annoying flickering of the lamps when 

motors are (*onnected to or discon¬ 
nected from th(' line. The lighting 
loads are usually supplied by 10/1 
transfoiiners, located on poles, from 
whose secondaries 230-115-volt 
3-wdrc systems are obtained. Fig. 
375. The two wires coming from 
the top crossarm to the crossarm 
next beneath and gt)ing through the 
fuse cutouts to the transformer are 
the 2,300-volt lines. In a 4-wire 
3-phase 4,000-volt system, the pri¬ 
mary of this transformer would be 
connected between one line conduc¬ 
tor and neutral. The 230-115-volt 
secondary wires leave the front side 
of the transformer and feed three 
Fig. 375.—Typuiii 2,300-230/115- Vertically arranged conductors of 

volt lighting transformer and secondary 3-wire Secondary mains, which 

three-wire mains. , i. i . i i 

supply the local lighting loads. 
The power consumers are usually connected to the secondaries 
of V-connected or delta-connected transformers or are connected to 
the secondaries of 3-phase transformers located at the consumer's 
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premises. In order that the secondary mains may not be too large, 
440 and 550 volts are generally used for the power loads. A line 
also runs from the substation to a delta-Y step-down transformer, 
which supplies a 208-120-volt network (p. 49(1). 

In the substation other power-transforming; apparatiL'^ nay be 
installed, such as constant-current transformers, motor-generator 
sets, synchronous converters, or mercury-arc rectifiers for obtaining 
direct current (also see VoL I, Chap. XV). 

262. Transmission-line Reactance, Single-phase. —In making line 
calculations for the transmission of direct-(‘urrent jiower, the resist¬ 
ance alone needs to be considered. In making similar calculations 
for alternating-current lines, it is necessary to take into consideration 
not only the line resistance but the line rea(*tancc as well. In cables 
and in overhead lines operating at high voltage, it is also necessary to 
consider the capacitan(;e between conductors. 

Figure 376 shows the cross section of a two-conductor single-phase 
line. As the current at any instant flows in opposite directions in the 
two conductors, the direction of the magnetic field set up about one 
conductor must always be opposite to that for the other conductor. 
That is, when one magnetic held has a clockwise direction, the other 
must have a counterclockwise direction. This (‘auses the two fields 
to act in conjunction in the area 
Ix'tween the two conductors. Fig. 

376. Thus, two parallel wires form 
a rectangular loop of one turn 
through which flux is produced by 
the current in the two wires. This 
flux links the loop, and the circuit, 
therefore, has inductance. It 
might appear that this inductance iH‘tweon the 

would.be negligible; for the loop 

has only one turn, and the flux path is entirely in air. It must be 
remembered, however, that the cross-sectional area of the flux path is 
large, usually being from 1 to 20 ft wide and several miles long. 
Although the flux density is small, the total flux linking the loop } 
usually considerable. 

It can be shown that the inductance of such a loop is^ 

L = 2/ ^0.080 + 0.741 login 10“^ henrys, (225) 

1 The derivation of these various transmission-line equations is found in R. R. 
Lawrence, “Principles of Alternating Currents” (see front of this volume, p. ii). 
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where D is the distance between conductor centers and r the radius of 
each conductor, both expressed in the same units, I is the length of the 
line in miles. The reactance of the loop is 

X = 27 rfL ohms, (226) 

where / is the frequency in cycles per second. 

It is usually more convenient to consider the inductance of a single 
conductor only. The inductance per single conductor is one-half the 
value given in (225), which applies to the two conductors of the circuit. 

The reactance per mile is 

X = 2irf ^80 + 741 logio 10“® ohms per mile. (227) 

Appendix J (p. 014) gives values of the reactance at 60 cycles per 
sec for solid and stranded conductors, at various spacings. The 
reactance for stranded conductors is slightly less than the correspond¬ 
ing values given for solid conductors. The reactance at other fre¬ 
quencies may be found by direct proportion.^ 


Example .—A single-phase transmission line is 40 miles long and consists of two 
0000 solid conductors spaced 4 on centers. 

Determine (a) inductance of entire line and reactance per conductor at 25 
cycles per sec; (6) at 60 cycles per sec; (c) total reluctance dio]) with 200 amp, 
60 cycles, in line. 

The diameter of 0000 conductor is 0.460 in ; the radius r = 0.230 in. 


D ^ 48 

/' 0 230 

logH. 201) = 2.32 


= 201 ). 

(p. 610). 


The inductance per mile 

U = 2(0.080 + 0.741 • 2.32) = 3,60 milhenrys [from (225)]. 

(а) The total inductance 

L = 3.60 40 = 144 mil-henrys, or 72 milhenrys per conductor. Ans. 
The reactance per conductor at 25 cycles 

= 27r25 72.10-3 = 11.3 ohms. Ans. 

(б) The reactance iier conductor at 60 cycles 

— 27r60 • 72 • 10 3 = 27.1 ohms. Ans. 

(c) The total reactance drop with 200 amp, 60 cycles, 

V = 27.1 • 200 • 2 = 10,840 volts. Ans. 


1 For more complete tables, see ‘‘Standard Handbook,*’ 7th ed.. Sec. 13. 
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263. Transmission-Une Reactance, Three-phase.-ln transmis¬ 
sion-line problems, it is more convenient to consider the reactance 
of the individual conductor, rather than the reactance of the looped 
line or of the entire circuit. The convenience becomes more apparent 
when 3-phase lines are considered. In Fig. 377 (a) are show o ^he three 
conductors il, C of a 3-phase line, symmetrically spaced. That is, 
each conductor is at an apex of the same equilateral triangle. The 
current at the instant shown is flowing outvard in conductor A and 
inward in conductors B and C. The field produced by each conductor 
is indicated. These fields are continually chponging, owing to the 
cyclic variation of the currents in the three phases, and this causes a 
rotating field in the regicm between the conductors, l^his rotating 
field is similar to the rotating field of the polyphase induetion motor; 
and as it cuts all three conductors, it induces emfs in them. 



Fig. 377(a). Thioc syniinetiically 
spaced conductors of 3-phase lino. 



loop AB. 


In treating this problem it is simpler to consider the reactance of 
each conductor separately. If the spacing is symmetrical, the flux 
produced by each conductor induces no emf in the circuit composed of 
the other two conductors. For example. Fig. 377(6) shows the circu¬ 
lar field produced by conductor C acting alone. As none of its mag¬ 
netic lines links the circuit AB, conductor C induces no emf in loop 
AB. Likewise, conductor A induces no emf in loop BC, and conductor 
B induces no emf in loop CA, provided that the conductors are sym¬ 
metrically spaced. 

In the 3-phase case for symmetrical spacing, therefore, the react¬ 
ance per conductor is found by Eq. (227) or by consulting the tables 
on p. 614. The distance between the centers of conductors is used 
for D 

The value of D to be used with unsymmetrical spacing is given in 
Sec. 266 (p. 465). 
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Example. —A 3-phase line consists of three 0000 solid conductors placed at 
the corners of an equilateral triangle, 4 ft on a side. Determine the reactance 
drop per conductor per mile with 120-amp 25-cycle alternating current, 

X - 2^25 ^80 + 741 Ior.o lO”' 

= 157(80 + 741 • 2.32)10-« 

= 157 • 1,800 • 10-» = 0.282 ohm. 

The voltage drop 

F = 120 • 0.282 = 33.8 volts. Ans. 

Instead of calculating the reactance it may be found from the 
table in Appendix J (p. 014) for 00 cycles per sec, the value being 
0.078 ohm. The 25-cycle reactance is this value or 0.282 ohm. 

264. Transmission-line Capacitance, Single-phase. —If a direct- 
current voltage be applied to a transmission line under no-load condi¬ 
tions, no current flows after the first few moments, (^xcept the almost 
negligible leakage current. If an alternating voltage be applied to a 
transmission line, considerable current may flow, even if there be no 

appreciable leakage and no connected 
load. This current is the charging cur¬ 
rent of the line and leads the voltage by 
almost 90°. The line acts as a capacit or, 
the conductors Ixang the electrodes and 
the air the diele(*tric. Each conductor 
becomes charged, first positively and 
then negatively, which results in an 
alternating charging current. 

This is illustrated by Fig. 378, which 
shows conductors A and of a single- 
phase line. At the instant shown, conductor A is positive and 
conductor B is negative. The dielectric flux existing in the field 
betw^een A and B is showm. The capacitance between conductors of 
such a line can be shown to be api)roximately 

0.0194 « 

( 228 ) 

where D is the distance betw een conductor centers and r the radius of 
each conductor, both expressed in the same units. 

The simplest method of treating transmission-line problems is to 
work with voltages to neutral and with capacitances to neutral. 

In Fig. 379(a) an imaginary plane surface xy is shown midway 

^ See footnote, p. 459. 



Fkj. 378— Elootrostatic flux bo- 
tween line conductois. 
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between conductors A and B and perpendicular to the plane of the 
conductors. The electrostatic field between this surface and each 
conductor is the same. As the plane bisects every electrostatic flux 
line, the potential difference between conductor A and any point in 
the plane is equal to the potential difference between co^^ductor B 
and this same point. That is, the potential of every point on the 
plane xy is midway between the potential of conductor A and that of 
conductor B, Hence, every point in this surface is at the same poten¬ 
tial, and xy is an equipotential surface. The plane xy may be replaced 
by a thin conducting plate of infinite breadth without disturbing the 



(ct) Neutral plane between twu line conductors 


o 




o 


C„=2C C„=zC 


oH 


o 


ho 


(b) Line capacitance replaced by 
a bingrle capacitor 


(c) Line capacitance replaced by 
two seiics-conncctod cai>acitors 


J iCi. 37‘)—Substitution of cquualoiit lapacitois foi tiaiisniission-lino capacitiiue 


electrostatic held. Each conductor has the ^ame capacitance to this 
plate. This capacitance must be tnnee the capacitance between the 
conductors themselves. That is, the capacitance C between con¬ 
ductors, Fig. 37d{h)j may be replaced by two equal capacitances 
n, Cnj connected in series, Fig. 379(c), whore Cn = 2C. The joint 
capacitance of the two capacitances Cti, Cn in series is just equal to 
the single capacitance C. The point O is the neutral of the system, 
its potential being the same as that of the plate xy. 

If the capacitance to neutral is used in calculating the charging 
current, the voltage to neutral also must be used. With half the voltage 
and twice the capacitance, the charging current per conductor is the 
same as if the total voltage and the capacitance between conductors 
had been used. 
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The capacitance to neutral may be found by multiplying (228) by 

2, 

Cn — r—\ Atf P^'i* iiide to neutral. (229) 

logio(i>/r) 

The line charging current is 

Ic = 2nrfCnElO~^ amp per mile of line, (230) 

where / is the frequency in cycles per second, E the voltage to neutral, 
and Cn the capacitance to neutral in microfarads per mile of line. 

Appendix K (p. 615) gives amperes per mile of line, per 100,000 
volts to neutral, at 60 cycles per sec, for various sizes of conductor 
and various spacings. 

Example .—A 40-inile 60-cyclo fiinglo-phaso lino consists of two 000 conductors 
spaced 5 ft apart. Deterniino the charging current if the voltage between wires is 
33,000 volts. 

The diameter of 000 wire is 410 mils. The radius r — 0.205 in. 


H- 60 _ 

r " 0.205 " 
logio 293 = 2.47. 

Cn = 40 • -2 = 0.028 Mf. 

The charging current 

Ic = 27rG0 • 0 028 • 10-6 3 91 amp. Arts. 


266. Transmission-line Capacitance, Three-phase.—Figure 380 
shows the three conductors A. B, C, of a 3-phasc line, these conductors 



(a) (6) 

Fig. 380. Delta capacitance of 3-phase system replaced b> eriuivalont Y-capacitance. 


being symmetrically spaced. There is capacitance between each pair 
of conductors, which can be represented by three equal capacitances 
c, c, c, Fig. 380(a), connected in delta. In determining the capacitive 
relations in this type of system, it simplifies the problem to substitute 
an equivalent Y-system for the delta system. It is obvious that any 
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delta load may be replaced by an equivalent Y-load. This is the s^me 
as considering that each conductor has capacitance Cn to a fictitious 
neutral 0, Fig. 380(6). In the actual line the neutral may be the 
ground. The voltage across each of these capacitors C,, is E/\/Zy 
where E is the line voltage. 

(229) then may be applied to finding the capacitance to neutral Cn, 
D being taken as the distance between condu(;tor centers. The volt¬ 
age to neutral E/y/Z is used for determininf^ the charging current per 
conductor. 


Example, —Assume that a third wire is added to the system of Sec. 264 to form 
a symmetrical spacinfi; and that the system is operated 3-phase, 33,000 volts 
between conductors. Find the charging current per conductor. 


= 293. 


r — 0.205 in. 

D _ 

r 0.205 
logic 293 = 2.47. 

0.0388 


Cn 

Volts to neutral 


40 


= 0.628 /xf to neutral. 


2.47 

33,000/V3 = 19,070 volts. 


Charging current per conductor 

Ic -= 27r60 • 0.628 • 19,070 • lO"® - 4.52 amp. Ans. 

This may be checked by Appendix K (p. 615). 

266. Three-phase System; Conductors Spaced Unsymmetrically.— 

If the conductors in a 3-phase system are not symmetrically spaced. 




B 

(a) (6) 

Fig. 381.—Unsynimetrical si>acing and equivalent symmetrical spacing. 

being located at the corners of a triangle whose sides may be of any 
length, as Ay By C, Fig. 381(a), the side D of the equivalent equilab -al 
triangle, Fig. 381(6), may be found as follows: 

D = (231) 


This value of D should be used as the distance between the conduc¬ 
tor centers of the equivalent system in transmission-line calculations. 

267. Single-phase Line Calculations.—In determining the voltage 
drop in an alternating-current line, both the resistance and the react- 



466 


ALTERNATING CURRENTS 


ance must be taken into consideration. The voltage to supply the 
resistance drop is in phase with the current, and the voltage to supply 
the reactance drop is in quadrature with the current and leading. 

In making transmission-line calculations, it is convenient to work 
to neutral in all cases. Figui'e 382 shows a single-phase line that has 
a resistance per wire of R ohms and a reactance pt'r wij*(' of X ohms. 
The load takes a curremt I amp at a power factor cos d, and the total 
voltage at the load or receiver is 2Eh^ The voltage lo neutral at the 



receiver is, therefore, Er. The total voltage' at the sending or generat¬ 
ing end is 2E^, 

If this system l)e split along the line CD, twa) systems result, one of 
which is shown in Fig. 383. Each of these two systems transmits one- 
half the total power, and the sending-end and receiving-end voltage 
of each system is half the voltage bt'iween condiu'tors. The voltage 
at each end is now^ the voltage to neutial. The ground is assum('d to 
be the return conductor. The return conductor need be merely h3q)o- 
thetical, however, for, under balanced conditions, Fig. 382, no current 
flows back through th(' ground, as ea(*h half of th(' system acts as 



] i(. .:Jsa. SinKl<*-phaso line and voltages to neutial. 

a return for the other half. The voltage drop through the ground, 
therefore, is zero. That is, Fig. 382, for purposes of calculation, the 
ground may be considered as having zero resistance and zero reactance. 

Let it be retpiired, Fig. 383, to dett'rmine the sending-end voltage 
Es when the load voltage Er, the current /, and power factor cos 0 
are given. The vector diagram is shown in Fig. 384(a). The compo¬ 
nent of voltage to supply the IR drop is laid ofl in phase with the current 
I ; the component to supply the IX drop is laid off leading the current 
I by 90°. The resultant of these two components is the component to 
supply the IZ drop or to supply the actual voltage drop per conductor. 
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The voltage at the sending end Es is the vector sum of Er and IZ. In 
Fig. 384(6), the IR and IX components are added to Er vectorially. 
This figure is similar to Fig. 180 (Chap. VII, p. 201), and its geometrical 
solution is identical. 


Es = VXEr cos e + luy + {Er sin e + ixy. (232) 

If the current leads E/tj 

Es = e + my + {Er^ e - ix)\ (233) 


Compulation is frequently facilitated, paitieularly with reference 
to the decimal point, if Er is factored and placed outside the radical. 



1'Ui. ast. Vector di.'ijsiainh foi .sinj'lc-phasc 1 1 aiismi'^sion lino. 


(234) 


Those voltage' relationships also may Ix' determined by nit'ans of complex nota¬ 
tion. Er is taken along the axis of reals. With lagging eiirrent, 

Eis = Er + /(cos e — j sin 0){H JX), (235) 


With leading current, 

]jjs — Er + /(eos 6 -j- y sin 0){E jX). (236) 

Example. —It is desired to deliver 4,000 kw, singk*-phase, at a distance of 
25 miles, the load voltage being 33,000 volts, 60 eych's, and the powt'r factor of 
the load being 0.85, lagging current. I'he conductors ari' sjiaced 4 ft on centers. 
The line loss shall not exceed 10 ])er cent ol the power delivered. Determine 
{a) size of conductor; (6) resistance drop per conductor; (c) reactance drop per 
conductor; (d) voltage at st'ndmg end; (0 line regulation. Neglect capacitive 
effects. 

(a) lane loss = 4,000 • 0.10 = 100 kw = 400,000 wa.ts. 

Loss per conductor = = 200,000 watts. 

^ _ 4,000,000 

Current / = ^ 33 = 142..5 anu,. 


(142.5) 
9.85 

Resistance (per mUe) = 


PR' = (142.5)Vf' = 200,000 watts. 

.55 ohm.. 


0.3U4 ohm. 




468 


ALTERNATING CURRENTS 


From Appendix H (p. 612), the wire having the next lowest resistance per mile 
is 000 A.W.Cl., the resistance of which is 0.333 ohm per mile. Ann. 

(6) Total resistance per conductor 

R = 25 0.333 = 8.33 ohms. 

IR = 142.5-8,33 = 1,188 volhs. Ans. 

(c) From Appendix J (p. 614), for 000 conductor and 48~in. spacing, the 
reactance per conductor is 0.692 ohm per mile. 

Total reactance per conductor A' = 25 • 0.692 = 17.3 ohms. 

Reactance drop IX ~ 142.5 • 17.3 == 2,470 volts. 

(d) Applying (232), using volts to neutral {Er = 16,500 volts), 

cos e = 0.85, 0 = 31.S'* sin 0 — 0.527. 

Es « \/(T6,500 • 0.85 + 1,1^)'^(16,500"0.527~2,470)=* 

= V(15,220)2 ^ (11,170)2 = V356.4 • 10« = 18,870 volts. Ans. 

Using (234), 

Es = 16,500 VTOTSS 4- 0.072)2 + (0.527 -f 0.1496)2 
= 16,500 \/(0.922)2 -h (0.6766)2 
= 16,500 • 1.144 = 18,870 volts. 

Using (235), 

Es = 16,500 + 142.5(0.85 - i0.527)(8.33 -f il7.3) 

= 16,500 + 1,001 -hy2,095 - ^626 -f 1,299 
= 18,800 +Jl,470. 

\Es\ = V(18,800)2 4- (1,470)2 = 18,870 volts {check). 

Voltage at the sending end = 2 - 18,870 = 37,740 volts. Ans. 

(c) The line regulation is defim'd as the nse in voltage when full load is thrown off 
the line, divided by the load voltage, 

^ 37,740 - 33,000 . 

Regulation = —^ 33 000 -' 14.4%. Ans. 

268. Three-phase Line Calculations. —The advantage of working 
transmission-line problems to neutral is more apparent in 3-phaso 
lines than in single-phase lines. Figure 385(a) shows a 3-phase system, 
each conductor of which has a resistance of 72 ohms and a reactance of 
X ohms. The voltage to neutral at the load is Er, and the voltage to 
neutral at the sending end is Es. In order to determine the line 
characteristics, one phase is removed, Fig. 385(5), and its character¬ 
istics determined. Under the condition of balanced load, which is 
assumed, the relations in all three phases are the same, so that the 
results obtained with one phase may be applied to the other two. As 
each pair of wires is the common return of the third wire, no current 
returns through the ground under the balanced conditions assumed. 
As the voltage drop between the load neutral and the generator neutral 
is zero, the ground may be considered as a return conductor of zero 
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resistance and of zero reactance, as was done in the single-phase case. 
The load need not be necessarily Y-connected, as indicated in Fig. 
385(a). The same method is used even if the load be delta-connected 
and there be no neutral. The delta load is replaced by au equivalent 
Y-load, and the computations are made for one phase only 



(a) Three-Phase Transmission Line having 
Resistance and Reactance 


R X 

-AAAAAAA/— 


> Load 


Ground Ground 

ib) One Phsae of S-Phase Lone 

Fic. 385.—Thiee-phase line having resistanoo and icactanee. 


Example .—Solve the example of Sec. 267, assuming 3-pha&p Iransmission, 
other conditions remaining the same. Power to be delivered, 4,000 kw; load 
voltage, 33,000 volts between conductors; distance, 25 miles; frequency, 60 cycles; 
load power factor, 0.85, lagging current; spacing of conductors, 48 in.; allowable 
line loss, 10 per cent of power delivered. Determine (a), (6), (r), (d), (c), (Sec. 267). 
(/) Determine sendmg-ciid voltage when load power factor is 0.70, leading current. 

(a) Power per phase = = 1,333 kw. 

o 


Load voltage to neutral Er 
Current per conductor I — 


^ 33,000 _ 

V3 

1,333,000 


19,070 volts. 


= 82 3 amp. 


19,070 • 0 85 

Allowable loss per conductor = 1,333 • 0.10 = 133.3 kw = 133,300 watts. 
Resistance per conductor R' = 133,300/(82.3p •= 19 68 ohms. 

Resistance per mile == = 0.787 ohm. 


From Appendix H (p. 612), the wire having the next lowest resistance per mile 
is No. 1 A.W.O., the resistance of which is 0.665 ohm per mile. Ans. 

(6) Total resistance per conductor 


R 25 ’ 0.665 =* 16.6 ohms. 

IR = 82.3 • 16.6 = 1,365 volts. Ans. 


(c) From Appendix J (p. 614), for No. 1 A. W. G. wire and 48-in. spacing, the 
reactance is 0.734 ohm per mile. 
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Total reactance per conductor 

A' = 25 • 0.734 = 18.35 ohms. 

Reactance drop 

IX = 82.3 • 18.35 = 1,510 volts. Ans. 

(d) From (232), using volts to iieutral (A'k = 19,070 volts), 
cos = 0.85, 9 = 31.8°, sin 9 = 0.527. 

Es = Vi 1 9,070 • 0.85 + 1,365)2 + ■(T!);070~0.527 + 1,510)2 
= -v/(i7^)‘^+ (ll,560l2 = \/443- 10' = 21,000 volts. 

Using (235), 


Es = 19,070 + 82.3(0.85 - j0..527)(lf..0 +^18.35) = 21,000 + JOM. 
iF.sl = \/(21,000)'“+ (564)^2 = 21,000 volts (ch,ek). 

The voltage between conductors at the sending end 


fc) 

(/) 


K = n/ 3 • 21,(XK) = 36,400 volts. Ans. 


,, , ,. 21,000 - 19,070 1,930 

Regulation = - — = 0.101, or 10.1 per cent. 


1,333,000 
19,070 • 0.70 


= 99.0 amp. 


A ns. 


Using (236), 


= 19,070 + 99.6(0.70 + 70.715) (16.6 +7*18.35) = 18,920 + 72,460 volts. 
|A’s| = ^("18,9207^ (2,460)' = 19,070 volts. .Ires. 


With a loading current at 0.70 ])owor factor, th(' sending-ond and receiving- 
end voltages are (‘(pial. \\ith more liiK* r(‘actance or with a lower power factor, 
it is possible for the receiving-end voltage to be greater (‘V(ni tlian the s(*nding-end 
voltage (see p. 415), 


269. Lines Having Considerable Capacitance. —Heretofore, the 
line capacitance lias been considered negligible in its effect on the regu- 



Fig. 386. Traii.snii.s.sLori line having resistance, reactance, and capacitance. 

lation. In long lines of high voltage the charging current, due to the 
line capacitance, may have a considerable effect on the regulation. 
Its tendency is to cause the voltage to rise from the sending end to 
the receiving end. The capacitance of the usual line is distributed 
uniformly along the line. The calculations are considerably simplified, 
however, if the total capacitance C to neutral be divided, one-half 
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being concentrated at the sending end and one-half at the receiving 
end in parallel with the load, Fig. 386. This assumption introdu(‘es 
little or no error, except in very long and very high voltage 60-cycle 
lines (Sec. 271). Ihe (*apacitor at the sending end has r\*' effect on 
the regulation, but its charging current Ir/2 must be added \ torially 
to the line current I in onh^r to obtain the total current supplied to 
the line at the sending end. The current L '2 taken by the capacitor 
at the load must be added vectorially to the load current In in order to 
obtain the total line current /. The problem is then treated by the 
methods already outlined. 


Example. —It is required to (ielivei 40,000 kv,, 3-phase, at 0.85 power factor, 
lagging current, at a distance of 140 miles, with a hn(‘ loss not c\^‘(*cding 10 per 
cent of the power dcliv(‘rcd. The voltage at th(‘ load is 132,000 volts, 00 cycles, 
and the conductors are arranged at tlu' apexes of an equilateral triangle, 12 ft 
on a side. Determine (a) voltage between condu(*tors at sc'iiding end; (h) lino 
regulation; (c) total power supplied to line; (dj efhciency of transmission. 

Power per phase 


P = 


40,000 

3 


13,330 kw. 


Volts to iK'utral at load 




132,000 

V3 


Current per conductor at load 


70,200 volts. 


Ir 


13,330,000 
70,200 • 0 85 


= 20f> ani]). 


Power loss per conductor = 13,330 -0.10 = 1,333 kw = 1,333,000 watts. 

Conductor resistance /<*' = = 31 1 ohms. 

( 200)2 

31 4 

Resistance per mile = ' = 0.224 ohm. 


From Appendix H (p. 012), the wire having the nearest n'sistance per mile is 
250,000 cir mils, with resistance per mile of 0.227s ohm. 

Conductor resistance H — 140 • 0.2278 = 31.9 ohms. 

From Appendix J (p. 014), the reactance p(‘r conductor piT mile for 250,000- 
cir-mil wire and 12-ft spacing is 0.789 ohm. 

Total reactance = 140 • 0.789 = 110.5 ohms. 

The charging current at 00 cycles for 250,000-(‘ir-mil wire with 12-ft spacing 
and 100,000 volts to neutral is, from Appendix K (p. 015), 0.542 amp per mile. 

The total charging current for the hue is 


^' = 0-542.^^» 140 = 57.8amp. 


As only one-half the line capacitance is assumed at the receiving end, the 
charging current flowing over the line, Ie/2 = 57.8/2 = 28.9 amp. 
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In order to find the total line current, however, this 28.9 amp must be added 

vectorially to the 206 amp of load current. The 
load current, therefore, Fig. 387, is resolved 
into an energy component 

Ir cos ^ = n = 206 • 0.85 — 175.0 amp 

and a quadrature component 

Ir sin 0 = ?2 = 206 • 0.527 = 108.6 amp. 

As the quadrature component, 108.6 amp, 
lags the load voltage by 90°, and the charging 
current, 28.9 amp, leads the load voltage by 90°, 
the resulting quadrature component is 

= 108.6 - 28.9 = 79.7 amp. 

Total lino current 


7^/2=28.9 



Fig. 387.—Effect of line¬ 
charging current on total line 
current. 


I = V(175)* + (79.7)® = 192.3 amp. 

Ijet B' be the angle between this current and the receiving-end voltage. 

cos B’ = = 0.910, 8' = 24.5», sin 9' = = 0.414. 

(a) Voltage to neutral at sending end 

Ea = \/(76,200 • 0.910 -M^'.3 • 31.9)' -|- (70,200 • 0.414"4n92.3 • 110.5)* 
= -s/(69,340 + 6,130")M^3b;^+Tl,250p 
= \/(^700 -f 2^^) •lO'' = 92,140 volts. Ans. 

Voltage between conductors 


E = Vs- 92,140 = 159,600 volts. Ans. 


(h) Lino regulation — 
(c) Line loss 


92,140 -- 76,200 ^ 15,^ 
76,200 7o,200’ 


or 21.0%. 


Ans. 


P. = 3 • (192.3)2.31.9 = 3,540,000 watts. 
Total sending-end power 


(d) Efficiency 


Ps = 40,000 + 3,540 - 43,540 kw. Ans. 


V 


40,000 

43,540^ 


or 91.8%.* 


Ans. 


270. Solution by Complex Quantities for Lines Having Consider¬ 
able Capacitance.—Transmission lines may be solved with complex 
quantities [Eqs. (235) and (236), p. 467], if the line capacitance is 
negligible. If the line capacitance is not negligible, it is necessary to 
add one-half the total line-charging current +jIc/2 to the total load 
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current (see p. 470). Since this charging current is constant and nee. rly 
independent of the load, it is preferable, for purposes of analysis, to 
treat it as an independent current. The equation for the sending- 
end voltage then becomes 

= Es + /(cos d ±j sin e){R + jX) + j ^{It + jX). (237) 

The minus sign is used for lagging current, and the plus sign for leading 
current. 

This equation, when expanded, becomes 
fJs ^ Er + IR cos d + jlX <*,os e 

- jilt sin 0 + IX sin 0 + (238) 

the negative sign being taken. 

The powsition of each of these vectors is shown in Fig. 388. Since 
jIc/2 is assumed constant, triangle abc is constant; each side of triangle 



Fia. 388.—Complete vector diagram for tiansmission line. 

ede is proportional to the energy current of the load, I cos 6j and 
hence to the kilowatts taken by the load; each side of triangle cfg is 
proportional to the quadrature current of the load, I sin 6, and hence 
to the reactive kva, or kilovars. For example, if the load power fac' >r 
is unity, I sin 0 is zero and triangle cfg disappears. The foregoing 
relations make the diagram. Fig. 388, very useful in analyzing the 
effects of varying load, power factor, etc., on such lines. Applying 
(237) to the example (Sec. 269), 

Es = 76,200 +206(0.85 - j0.527)(31.9 +ill0.5) +j28.9(31.9 
’ +yil0.5) = 90,600 + jl6,800. 

« \/(90,600)* + (16,800)* = 92,140 volts. Ans. 
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Power at sending end is readily found. 

Load energy current is 206 • 0.85 = 175.0 amp. 

Load quadrature current is 20G( —jO.527) = —^108.6 amp. 

Total quadrature current is —^‘108.6 -f ^28.9 = —^79.7 amp. 

Then, by Sec 56 (p. 81), 

Ps = 3(90,600 • 175 - 16,800 • 79.7) = 3(15,890 - 1,360) 10» watts 
3 • 14,520 = 43,560 kw. Ans, 

271. Lines with Distributed Capacitance. —The method of splitting 
the total line capacitance and placing one-half at each end docs not 
give the required accuracy A\nth long high-voltage lines (220 kv and 
also the 287-kv Boulder Dam lines). In such lines it is found neces¬ 
sary to take into consideration the uniform distiibution of capacitance 
along the entire line. 

The exact equations for such lines are readily derived^ and are as 
follows: 


= 1 ::^ cosh ^zy +1 ,sinh Vzv, 


Is = h <-osh \/?Y+ 


Ih 

y/z/Y 


sinh Vzy, 


(239) 

( 210 ) 


where Z = R + jX is the series reactance per conductor of the line 
and Y = G + jB is the shunt admittance (capacitive) from conductor 
to neutral. In power lines, the leakage G is almost always negligible, 
so that Y = jBy the shunt capacitive sus(‘eptance. 

To facilitate computation, the cosh and sinh functions may be 
expanded into seri(\s, and (239) and (240) become 


The third terms within the parentheses are usually small and are 
sometimes neglected. 


‘Lawrence, R. R., “Principles of Alternating Currents,McGraw-Hill Book 
Company, Inc., pp. 451-458, 463. 



TRANSMISSION OF POWER BY ALTERNATING CURRENT 475 


(241) and (242) may also bo written 


where 


4 = 
P = 
C = 


( 


Ps = + PU, 

Is = Ah + QPn, 

1 + + 


?i.+K + 


K' 

( 


^2^2 


2-3 ' 2•3•4 


Z2F2 


+ 


1 + ^ - + 
^ 2 • 3 ^ 2 • 3 • I • 5 ^ 



(243) 

(244) 


These values of 4^, Q apply only to straig:hta\vay lines. If series . 
or shunt impedances are inserted in the line, as by transformers or 
reactoi-s, these values must be modified.^ 

The receiver voltages and currents may })e determined from the 
following equations: 


Eu = AEn - BIp. (245) 

Tk = 4 Ip — (24(i) 


Example. —Threo-phaso line; voltage 220,000; 00 cycles; length of line 230 
miles; spacing 27 ft; conductors 030,000 cir-niil ahnniniini cable, steel-reinforced 
(A(ISU); diamcder = 0,977 in. (Appendix T). lioad is 75,000 kw at 0.85 power 
factor, lag. Determine (a) resistance; (5) inductance; (c) impedance; (d) admit¬ 
tance, neglecting shunt conductance; (c) A ; (/) H; ig) C; (h) receiving-end current; 
(i) sending-end voltage; (j) sending-end current; (k) s(*nding-end power; (/) 
efficiency. 

(a) From Appendix T (p. 013), resistance per mile at 25"(\ 200 amp, 00 cycles, 
is 0.149 ohm. 


R = 230 • 0.149 == 34.3 ohms. Ans. 


{h) From Fq. (225) (j). 459), the inductance jier V'ire 

L - 230 (o.OSO + 0.741 Iorio ^^gg) !<»'’ = or 0.500 hi-nry. Atis. 

(f) Z = 34.3 + j(377 • 0.500) = 34.3 +yi88.5 ohms. Ans. 
id) iVom lOq. (227) (p. 404). 


C = 230 


0.0388 „ f 

"27T2 


0.4885 

Y = +y3.16 • 10-“ • 377 = +J1.101 • 10“’ mho. Ans. 
(<.) YV = (34.3 +il88.5)(+jl.l!)l • 10-“) = -0.225 +j0.0400. 
(YYY = (-0.225 +j0.0409)“ = 0.0400 -y0.018. 

. , -0.225 +j0.0400 , 0.0400 - jO.018 , \ 

4 - (^1 + 2 " ‘ ‘ ' 24 + ■ ■ ■ f 

= 0.889 +70.0197. Ans. 


( 1 ) 

(ID 


^ Nesbit, William, “Electrical rharacteristies of Transmission Circuits by 
Westinghouse Engineers,” 3d ed.. Chap. TX. 
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(/) Using (c), (I), (II), 

B = (34.3 + J188.5) 

= (34.3 +il 88.5) (0.963 +j0.0067) 
= 31.8 +yi81.7 ohms. 


0.0490 - jO.018 , 
120 


(ff) Using (d), (I), (II), 

C = +71.191.10- fl + ^225 ^0.0409 ^ 0.0490 .-^0,018 ^ 

\ t> liSt) 


ih) \1 r\ = 


6 

+il.l91 • 10-3(0.963 -f jO.0067) 
(-0.0080 -f jl .147)10 -3. Ana. 
75,000,000 


\/3-220,000 0.85 


— 231.5 amp. 


hi = 231.5(0.850 -;0.527) 

= 196.8 -yi22.0 amp, 

where 0.850 = cos 31.8° and 0.527 = sin 31.8°. Ana, 

{i) Volts to neutral 220,000/s/3 = 127,000 volts. 

Using (243), 

IPs = (0.889 +/0.0197)(127,000) + (31.8 + yi81.7)(196.8 -yi22.0) 

« 112,900 +i2,500 4- 6,260 4-/35,800 - ^3,880 4- 22,200 
= 141,400 4- /31,400 volts ylr/s. 

= \/(i41,400)2 -(r(34;400jl ^I3.r = 145,000 /I3 7° volls. Ans. 

Voltagp (absoluto) Ix'twpon conductors = 145,600 \/3 = 252,000 volts, ,4ns. 
O') Using (244), 

Ik = (0.889 +70.0197)(196.8 -./122.0) + (-0.0080 +71.147)10 “(127,000) 
= 175.0 - 7IO8.5 +73.9 + 2.4 - 1.0 + 7I45.7 
= 176.4 4-./41.1 amp Ans. 

= -v/(T7(i:4)2 +T1I D'^ /13 1° = 181.2 /13.1° amp. Ans. 


Note that, although the receiving-end currcmt lags its voltage, the sendiiig-end 
current, due to the line capacitance, is practically in phase with the sending-end 
voltage. 

{k) From Par. 56 (j). 81). 

P.S = (141,400 • 176.4) 4- (34,400 • 41.1) 

= 24,940,000 4- 1,414,000 watts 
= 26,350 kw. Ans. 

(l) = - 0.949, or 94.9%. Ans. 

Lines operating at 220 kv almost never operate under the conditions of the fore¬ 
going example, that is, with considerable voltage difference between receiving and 
sending ends. The lines almost always operate with receiving- and sending-end 
voltages substantially equal. This condition is realized by operating synchronous 
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condensers at the receiving end, overexciting them if the receiving-end voltage is 
low and underexeiting them if the receiving-end voltage is high (see 8ee. 233, 
p. 414). In this example, the receiving -end voltage is almost equal to the 
sending-end voltage if the load power factor is unity. 

Thus, 

Ib = 196.8 +i0 amp, 

iJs = (0.889 d-iO.Ol97)(127,000) -f (31.8 -fj!81.7)(196.8 + jO) 

= 112,900 + j2,500 -f 6,260 -h ^35,800 
« 119,200 +^38,300 volts Ans. 

= VCllQjaOO)* + (38,3d0)» 717 8° 

= 125,200 717.8° volts. Aim. 

Is = (0.889 +J0.0197) (196.8) + (-0.0080 +jl.147)10-5(127,000) 

= 175.0 +j3.9 - 1.0 +7145.7 
= 174.0 + ^149.6 amp Ans. 

= V(174.0)5 + (149.6)5 740 7 ° 

= 229.4 7407° amp. Ans. 

Ps = (119,200 • 174.0) + (38,300 • 110 61 
= 20,740 + 5,730 = 26,470 kw. ,1ns. 

25,000 , 

V = 2(i 470 “ 94.4%. Ans. 

Owing to the line capacitance the sending-end current now leads its voltage by an 
angle of 22.9°. The current is now grcai<‘r in inagnitude so that the line loss is 
increased and the efficiency reduced. 

The foregoing results may be checked by computing En nnd In from E& t*'nd Is, 
using (245) and (246). 

In many computations the transfoimer .shunt admittances and series imped¬ 
ances are included in the line constants A, P, . i f^nd .4 in (244) and (246) becomes 
D since it is no longer equal to 4*^ 

272. Corona.2 —Figure 389 shows a tapered conductor whose 
diameter at the large end is about bj in. This conductor tapers 
gradually to a point. It is suspended vertically in air, with its tip 
about 18 in. from a conducting sheet or plate, w Inch is grounded. The 
secondary terminals of a high-voltage transformer are connected one 
to the tapered conductor and the other to the plate. 

A low voltage is first applied to the transformer, and the voltage is 
then gradually increased. When the secondary voltage is in the neigh¬ 
borhood of 3,000 to 4,000 volts, a bluish discharge occurs from tl e 
pointed tip of the conductor. This may be plainly seen if the room be 


^ For more complete discussion of transmisvsion linos .see “Electrical Transmis¬ 
sion and Distribution Reference Book,” Westinghouse Electric Corporation, 
Chaps. 3 and 4; Loew, E. A., “Electric Power Transmission,” and Dahl, 
O. G. C\, “Electric Circuits—Theory and Applications,” Vol. I, McCtraw-Hill 
Book Company, Inc. 

® See Vol. I, Chap. X, Ionization of Air: Corona. 
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darkened. As the voltage is increased, the bluish discharge forms for 
a greater distance along the conductor and surrounds it in a ring. 
When the voltage reaches the neighborhood of 100,000 volts, this 
bluish discharge may have foimed on the rod up to a point where the 
diameter of the rod is about in. Meanwhile, the discharge from 
near the pointed end, and the accompanying hissing sound, will have 
become quite vigorous. 

This bluish discharge is called corona. It occurs when the electro¬ 
static stress in the air exceeds about 75,000 volts maximum per in. 
(30 kv per cm), or 53,000 volts rms per in. (21 kv per cm). At this 
voltage gradient, the number of electrostatic lines per unit area 
becomes too great for the air to withstand (see Vol I, Chap. X, loniza- 



Imo. 389. —Corona foimatiou on tapoied conductoi. 


tion). This is the reason why corona first appears at the sharp point 
at the bottom of the rod, Fig. 389, and then forms along the lower por¬ 
tions, where the radius of curvature is smaller, before forming along 
the upper porti<nis. When air is so highly ionized that corona forms, 
its dielectric strength is practically nil, and the air may be considered 
as bioken down or disrupted electricall.y and becomes a partial con¬ 
ductor. 

Corona is always accompanied by the production of ozone, the odor 
of which is detected readily. In the presence of moisture, nitrous 
acid forms when corona occurs. The acid and ozone may attack 
metals and other substances, such as insulating materials. The power 
loss due to corona may be reduced by increasing the diameter of the 
conductors and thus increasing their radius of curvature. This 
fact favors aluminum for transmission-line conductors, other factors 
being equal. In order to obtain the requisite tensile strength, alu- 
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minum conductors having; a steel cable for the core are in common 
use (ACSR, aluminum cable, steel-reinforced). 

In order to obtain a greater diameter with copper, the Anaconda 
hollow conductor cable is manufactured. The copper stmnds are 

twisted about a twisted I-beam copper . 

core, thus giving a far larger diameter \ 

for the same copper cross section. The ^ , 

General Cable Company manufactures \ 

a tubular conductor made up of 10 \ 

copper-strip segments each with a 

tongue and groove. The tubular con- 

ductor is formed by drawing the 10 

strips through a circular die, causing 

the tongues and grooves to interlock, Fia. iliuminaiion of trans- 

imd at the same time impartinK a nusHion line by corona. 

spiral lay to the strips. This type of conductor is used on the 287-kv 
Boulder Dam lines. 

Figure 390 shows the conductors of a high-voltage line illuminated 
by the corona discharge. 

273. Corona Power. ^—Corona is accompanied by a dissipation of 
energy. If a transmission line be operated at a sufficiently high volt¬ 
age, corona loss occurs. When a line is long, corona loss becomes 
serious and must be considered when the line is designed. 

Corona loss begins when the voltagt' str(\ss at the sin’fa(*e of the 
conductor exceeds 21.1 kv p(‘r cm at 25°C and at a l)arometric pn'ssure 
of 76 cm of mercury. With polished wires the loss starts somewhat 
above the effective disruptive critical voltage to neutral, Co. 

The value of co is derived from the equation 


Co — 21. lil/o^52.303 logi 


where Mo takes account of the condition of the conductor surface; Mo is 1 for 
polished wires, 0.93 to 0.98 for weathered wires, and 0.83 to 0.87 for 7-strand 
cables; D is the di.stance between wire centers in <*(*n(inief(»rs; r is the radius of 
the conductor in centimeters; 5 is the air-density factor = 3.92b/(273 4- t)y where 
h is the barometric jiressure in centimeters of mi'rcury and ^ is the temperature in 
degrees centigrade. When b = 70 and i — 25, 6 = 1. 

Shortly alter the voltage cq is reached, the loss increases as the fiqnare of the 
voltage above co. The loss for e kv to neutral is given by 

1 For a more complete discussion, see F. W. Peek, Jr., “The Law of Corona 
and the Dielectric Strength of Air,” Trans. AIEK^ Vol. 30, p. 1889, 1911. Also 
Peek, F. W., Jr., “Dielectric Phenomena in High-voltage Engineering,” 3d ed., 
McCiraw-Hill Book Company, Inc.. 1929. 
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if + 25) 



(e — kw per km of conductor, 


(248) 


where / is the frequ(*ncy in cycles per second. 

Figure 391 shows the loss for a 000 A.W.G. seven-strand cable with 310-cm 
spacing. 

Example. —Investigate the corona loss of a 3-phase line, 120 km long, with 00 
A.W.G. solid-copper conductor whose diameter is 0.926 cm; the spacing is 275 cm; 
the voltage between lines is 190.5 kv; the frecpiency is 60 cycles per sec. Assume 
that the wire is polished. The barometer is 75.4 cm, and th(‘ temperature is — 1°C, 

The disruptive critical voltage must first be found. For polished wires Mq = 1 ; 
r =* 0.463 cm. 


5 


From (247), 


(3.92 • 75.4) 
(273 ~ 1) 


1.086; 


logio 


_275 

0.463 


2.774. 


Co = 21.1 • 1 • 0.463 • 1.086 • 2.303 • 2.774 = 67.8 kv. 


190.5 

Kilovolts to neutral = =110 kv. 

V3 

Power per km, using (248), 

P = (60 + 25) - 67.8)M0 = 13.75 kw. 

Total lino l()i,s = 13.75 • 120 • 3 = -19.50 kw. A,n. 

This loss is much too large. As the conductors become weatluTed, it will 
increase. 


LIGHTNING AND TRANSIENTS^ 

274. Lightning.—A large proportion of the interruptions to power 
service, particularly on high-voltage lines, is due to lightning. The 
mechanism and (fuantitative effects of lightning strokes were little 
undeivstood until by means of the cathode-ray oscillograph (Sec. 84, 
p. 118) it became possible to obtain oscillographic records of actual 
lightning strokes, Fig. 392. 

Lightning to earth is primarily due to the clouds becoming charged 
to a high potential, the polarity of which is opposite to that of the 
earth. The charges in the clouds are due to an accumulation of 
charges that are carried upward from the earth by the electrified 
particles of moisture. The clouds are sometimes positive and some¬ 
times negative, but usually they are negative. The clouds and surface 
of the earth, therefore, form a huge two-plate capacitor. The trans¬ 
mission line and other objects project into the electric field of this 
capacitor. 


1 See ^‘Electric Transmission and Distribution Reference Book,” Westinghouse 
Electric Corporation, Chaps. 5, 12 and 13. 
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It has been found that most line interruptions are due to a direct 
stroke to the line. The factors that cause the cloud discharge and the 
direct stroke are probably as follows: The charges are distributed over 
the surfaces of the moisture particles that go to make up the cloud. 
When two equal particles combine, the resulting volume i*- doubled 
but the resulting surface is increased 
by less than the increase in volume. 

Hence, as numbers of particles com¬ 
bine, the resulting surface charge 
becomes more and more concen¬ 
trated (see Vol. I, Chap. X, Dielec¬ 
tric Field). Ultimately, the charge 
on some one cloud becomes highly 
concentrated, and the potential 
gradient (Vol. I, Chap. X, Dielec¬ 
trics) exceeds the dielectric strength 
of the intervening air. Hence, rup¬ 
ture occurs, the lightning stroke 
constituting a streamer of ionized 



air. 


Fig. 


391—Coiona loss por kilometer 
foi 7-stiiind cable. 


The curient is very large, its 
magnitude being of the order of 10,000 to 150,000 amp. The stroke 
tends to terminate on those objects such as the transmission line, which 
project into the dielectric field. 

In Figure 392^ is shown an oscillogram of actual lightning, which 
is without doubt the first oscillogram ever taken of an actual lightning 
stroke. The ripples are due to a local flashover. Also is shown the 
oscillogram of artificial lightning produced by a lightning generator. 
Measurements show the surge due to natural lightning reached a 
maximum value of 1,500,000 volts (1,500 kv) m 5 jusec (microseconds), 
but, owing to reflections resulting from a local flashover at 10 )usec, 
the surge reached a maximum value of 2,500,000 volts. Such oscillo¬ 
grams show that lightning effects occur with extreme rapidity. The 
oscillogram of artificial lightning" shows that it is possible to simulate 
natural lightning very closely. By means of lightning or su)ge 
generators it has become possible to study the effects of lightning on 
insulation and on actual power systems. Ordinarily, lightning 
potential rises to its maximum in 2 to 10 /xsec and then decays, reach- 


^ This oscillogram was obtained on Friday noon, July 27, 1928, by the late 
F. W. Peek, Jr., of the General Klectric Company, and his associates on the 220-kv 
lines of the Pennsylvania Power and Light system, near Lake Wallenpaupack, Pa. 
See ''InvestigatingLightning on 220-kv. Lines,’’ Elec. World, Aug. 11, 1928, p. 278. 
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ing partically zero in 40 to 160 Msec, Fig. 392. When lightning strikes 
a line, it tends to arc across insulation or to destroy apparatus in the 
immediate vicinity. Also, the wave divides, traveling in opposite 
directions along the line. The velocity of the waves is approximately 
that of light (3 • 10^*^ cm per sec), and the waves in passing tend to 
cause arc-over or to destroy apparatus. However, the waves atten¬ 
uate very rapidly, and their destructive effects ordinarily are confined 
to the region where the stroke occurs. 

Although the voltage and the current in a lightning stroke are 
extremely large, the actual energy is relatively small, being of the 
order of 4 kw-hr. 

Switching, sudden short circuits, and similar disturbances originat¬ 
ing in the system produce surges which may assume the form of a 





'V A r >. 




^---.-io.... 

r e Af •• C r O S * c >.» nc:i S 

Fig. 392.- Coniijariboii of natural lightniuR wave ineabuied on transrnishioii linos 
with cathode-ray oseillograph with an artificial lightning wave measured in the same 
way. 


traveling wave similar to that produced by lightning, and at times 
these surges reach magnitudes which are sufficient to damage apparatus. 

275. Lightning and Surge Protection.—Transmission lines are in 
part protected from lightning strf)ke by overhead ground wires (see 
Fig. 402, p. 491, which shows two ground wires). Such ground wires 
are of steel, of copperweld, a copper-covered steel, or of high-tensile- 
strength alloys. Ground wires are well connected electrically to the 
steeltower tops or, in the case of wooden poles, to a copper wire 
running down the pole to ground. Although ground wires reduce the 
frequency of lightning strokes by 50 per cent possibly, they do not by 
any means afford complete protection. 

For the most part, lines and apparatus are protected by lightning 
arresters. The function of an arrester is to limit the voltage rise 
across its terminals to a value that is somewhat above the operating 
voltage of the line. When the voltage across the arrester reaches the 
critical value, the function of the arrester is to prevent further rise. 
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This requires that the arrester pass a very large current with liftle 
further increase in its voltage. In Fig. 393 is shown the characteristic 
aa' of an ideal arrester. When the line voltage reaches the critical 
value at a, the arrester discharges indefinitely large currei\ts without 
further increase in the voltage at its terminals. (The prad^^e is to 
set the critical voltage about 2.5 
times the peak operating voltage.) 

In the actual arrester, however, the 
voltage rises slightly with increase 
in current, owing to resistance drop. 

This characteristic is shown by the 
part ah of the actual characteristic 
abc. 



W^hen the voltage returns to Fuj. 393.— Lightning-arrester character- 
normal, the arrester must cut off *‘**^*‘‘^* 

the current well above the peak operating voltage as at c, Fig. 393. 
Otherwise, the power voltage will sustain a dynamic discharge. In 
addition, under normal conditions the arrester must be an open 
circuit. On discharge it must absorb the energy of the discharge, as 
otherwise the energy will tend to oscillate as voltage and current 
waves. 

Since the damage due to lightning occurs for the most part in the 
immediate vicinity of the stroke, the arrester should be connected 
near the apparatus that it is intended to protect (Sec. 282). 



276. Horn Gaps. —One of the earliest arresters used for high volt¬ 
ages was of the horn-gap type. This consists of two horns, r 3 ach 
mounted on an insulator, the gap itself being located between the 
lower parts of the horns. One horn is connected directly to the line 
to be protected, and the other is connected to ground usually through 
resistance to limit the discharge current. Fig. 394. The gap is set so 
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that ordinary operating voltages cannot jump it. When a surge 
reaches 160 to 200 per cent of the normal line voltage, it discharges 
across the gap and goes to ground. The function of the horns is to 
break the arc. An arc tends to rise because of its heat and, also, 
because of the well-known fact that a current forms a loop as large as 
possible, in order to make the permeance of the magnetic circuit a 
maximum (see Vol. I, Chap. VI). 

Simple horn gaps as arresters are far from satisfactory, for they 
often arc over unnecessarily, the protection that they afford is not 
adequate because of the compai atively low discharge rate of the 
resistance, and they do not always suppiess the dynamic arc that 



(«) (?>) 

J i<T Genoial riociiio oxidc-hlm lightning tiriObtci. 


follows the transient discharge This n'sults in either a permanent 
arcing ground or the destruction of the gap For these reasons 
horn-gap arresters are now almost obsolete for lightning piotection. 

277. Oxide-film Arrester. —The oxide-film arrester ^\as de\ eloped 
by the General Electric Company. The individual unit. Fig 395(a), 
consists of a porcelain annulus, about 7*^ in (19 cm) in diameter and 
% in (1 59 cm) thick, over which two metal disks are crimped. The 
inner surfaces of the disks are coated with a film of insulating varnish, 
which punctures at about 300 volts. The space between the disks is 
filled with lead peroxide. A number of these units, depending on the 
line voltage and other factors, such as lightning conditions, arc stacked 
in series and connected between conductors and ground in series, 
with a hemispherical gap at the line end. Fig. 395(6). When the 
potential exceeds about 300 volts per unit, the varnish film punctures. 
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permitting the passage of the discharge through the lead peroxide, 
to ground. The heat developed at the point of discharge causes the 
lead peroxide to change to litharge and red lead, which are fairly good 
insulators. After the voltage has returned to normal, these lead com¬ 
pounds seal the puncture. In time, the original film is replaced by 
litharge and red lead, which may raise the discharge voltage. In 
service, however, the units need not be replaced for several years. 
Figure 395(6) shows an oxide-film arrester ready to be connected to 
a 25,000-volt line. 

278. Pellet T3rpe.—The pellet-type arrester is a modification of 
the oxide-film arrester. The peroxide of lead is made up into small 
pellets, about the size of ordinary pills, which are coated with a thin 
insulating film. The pellets are enclosed in a porcelain tube and 
through suitable leads are connected between line and ground in scries 
with a short gap. A high-voltage discharge breaks down the insu¬ 
lating film, permitting the discharge to ground. As with th(' oxide 
film, the heat developed by the passage of current 
reseals the films to stop the flow of dynamic current. 

This type of arrester is simple, easy to rei)air, and 
inexpensive. It is used extensively with distri¬ 
bution transformers. 

279. SV Autovalve Lightning Arrester.—The S\' 

Autovalve lightning arrester, sometimes called the 
New Autovalve lightning arrester, is manufactured 
by the Westinghouse Electric Corporation. It 
supersedes the original autovalve arrester, which 
consisted of carbon disks separated by thin mi(*a 
washers as spacers. Both types were invented by 
Dr. Joseph Slepian. The SV arrester consists of 
one or more circular porous blocks in series, the 
number of blocks depending on the rating of the 
complete arrester. The blocks are made up of 
ceramic material and conducting particles fabricated 
into a uniform mixture. The blocks are formed by 
heavy hydraulic pressure and then are fired in the 
electric furnace. The physical characteristics of 
the materials are such that myriads of pores arc arrester. (Westing- 
formed within the finished blocks. For making house Electric Corp.) 
electrical contact, two parallel surfaces are sprayed with copper by the 
Schoop spray process. 

The principle of operation is based on the fact that the voltage 
necessary to start and maintain a discharge confined within narrow 
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n- ^ 



lie. 397(a)—Standiid 6-in(h tliyiite 
disk, having “miillite” insulating collai, 
as used in thynte lightning aiicbter 
{General Electric Co ) 


passages is much higher than 
when the discharge is not re¬ 
stricted. The passages can be 
so adjusted in size that the volt¬ 
age necessary to initiate and 
maintain a discharge is repre¬ 
sented by the part ab of the 
arrester discharge curve, Fig. 
393. When the voltage drops 
below this value, the discharge 
diminishes until the cutotf volt¬ 
age IS leached (see he, Fig. 393). 
The cutoff voltage is well above 
the voltage at which the system 
opeiates, so that the dynamic 
power arc does not follow. 

Each block is 1 in (2 54 cm) 
thick, and the diameters aic 2in 


Double qrjp 
clAmp terminal 
for line connection 

JOL 


Metal nnq_ 
j top fittinq 

I Thynte disKs 



Wet-process 

porcelain 

container 


bottom fitting 
Unit nameplate 
Venting screen 

Red ventmq 
plug ^ 
Foundation base- 
ca sting 


Compression 

spring 


) Gap unt 
Cqaf elements 
^aled in wet 
process porcelain) 


Contact '.trap 


Double grip 
clamp tcnminal 
for ground 
connection 


TaKe up plate 

Bottom cover 
plate 


Jig. 397(6) —Thyrito lightning arrester unit, 11 5 kv, in veitioal cutaway section to 
show f onstruction Parts named {General Electric Co ) 


(5 08 cm) and 43^ in. (114 cm). Each block is rated at 3,000 volts 
rms. The blocks are assembled or stacked within porcelain tubes. 
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Fig. 396, to form elements. There are approximately 24 blocks in the 
element, Fig. 390, so that each element is rated at approximately 72 kv. 

280. Thjrrite. —Thyrite^ is a nonporous ('eramic material developed 
by the General Electric Company and is an excellent insulator until a 
critical voltage is reached; the resistance then suddenly decreases, and 
the material becomes capable of discharging large currents with small 
increases in voltage. The current increases 12.6 times for each time 
the voltage is doubled. When the voltage returns to normal, the 
arrester cuts off and prevents the flow of dynamic current. These 
properties of thyrite make it well adapted to lightning-arrester service. 

Thyrite is made in disks with the two opposite surfaces sprayed 
with copper for electrical contact, Fig. 397(a). An 11.5-kv unit, 
consisting of four disks in series, with cutaway to show the interior, 
is given in Fig. 397(6). A number of gaps in 
series with the thyrite disks maintain the _ _ 

arrester in an open-circuit condition until a ^ 

discharge occurs. The chara(*teristics of thy- ^®^nductor 

rite remain constant under many different 
conditions of operation, such as direct current, Vrcing 

alternating current, or lightning, and it has no ^ \ i t 

appreciable time lag. j ^ ^ 

281. Protector Tube. —Because of their l<i 

cost, it is not practicable to use autovalve and ^ ^ ^ Electrode 

thyrite lightning arresters to any great extent | ^ ^ 

for protecting line insulators. However, pro- I ^ ^TuSb 

lector tubes that are compact and relatively $ 

inexpensive now tind wide usage for this ^ Tubes 

purpose. A typical tube is shown in Fig. 398. j J 

It is made up of fiber and micarta tubes ^ j 

with ferrules on top and bottom; there are j Lower 

upper and lower electrodes within the tube. Electrode 

An arcing horn is mounted on the top ferrule, ; "Vent 

and the tubes are mounted so that a horn is _ 

just below each line conductor, these forming a \ .^ ^Cross-ana 

series gap. The lower electrode is grounded. , . ' ' 

When a flashover occurs, the discharge jumps ^ 398.—Piotector tube. 

to the horn and goes down within the tube between the upper and lower 
electrodes. The temperature of the discharge, or arc, raises the pres¬ 
sure within the tube, which tends to suppress the arc. However, the 
predominant effect in suppressing the arc is the fact that its heat 
drives the gases from the organic material forming the micarta and 
fiber tube. This de-ionized gas intermingles freely with the ionized 

^ Thyrite means gate or opening. 


-Upper 

Electrode 


Micarta 

Tubes 


- Lower 
Electrode 


-Protector tube. 
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gas of the arc, de-ionizing it and thus destroying its conductance, so 
that the power arc that tends to follow the transient discharge does 
not restrike during the next current cycle. 

282. Lightning-arrester Connections. —^Lightning arresters should 
be connected as near as possible to the apparatus that they are 
designed to protect. For example, lightning arresters now are usually 
mounted directly on power transformers. Similarly, the pellet type 
is mounted at the terminals of distribution transformeis. Where 
an arrester is to protect a station, it should be mounted at the 
termination of the incoming or outgoing line, as close as possible to 
the station apparatus, Fig. 404 (p. 493). Stations connected with 
underground cables generally are not provided with arresters, for the 
large capacitance of the cables reduces materially the voltage of 
the surge. However, lightning arresters are freciuemtly connected at 
the junction of an overhead line and cables, to prevent high-voltage 
surges entering the cables. 

TRANSMISSION-LINE CONSTRUCTION 

283. Pin-type Insulators.—The operating performance of a trans¬ 
mission line depends to a large extent on the insulators. 

The insulator not only must have sufficient mechanical strength 
to support the maximum loads of ice and the A\in(l that reasonably 
may be expected but also must withstand severe mechanical abuse, 
lightning, and power arcs without dropping the line conductor. They 
also should be designed so that accumulat('d dirt and dust are readily 
washed away by rain. Insulators are made of glass, porc*elain, and 
patented compounds. Little or no difficulty is encountered in insu¬ 
lating low-voltage lines. 

Glass is suitable for lines of light construction, such as telephone 
lines, and for power lines of moderate voltage. Its advantages up to 
10,000 or 15,000 volts are its cheapness and the fact that cra(*ks and 
flaws are detected readily. On the other hand, it is hygroscopic and 
breaks readily. Only a high-quality heat-resistant glass such as 
Pyrex is suitable for high-voltage lines. 

Porcelain has excellent mechanical and electrical characteristics 
but is more expensive than glass. Internal flaws are not detected 
readily, and cracks in the porcelain cause rapid deterioration of the 
insulator. Porcelain is the principal material used for insulators on 
high-voltage power lines. 

Patented compounds have good mechanical characteristics and 
are readily molded to any desired form. However, they cannot 
withstand the severe mechanical stresses combined with the electrical 
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stresses and weathering cncontered in power lines. Hence they are 
limited to low voltage and for indoor use. Pin-type insulators are 
used practically always for such lines, since they are inexpensive, 
are easy to install, and act as rigid supports for the conductors. 



Fig. 399. —High-voltage piii-tjpc iiibulator. {LocU Insvlatoj Corp,) 


In the larger sizes of pin-type insulator, the insulator is made up in 
sections cemented together, Fig 399. Pin-type insulators can be 
used safely for voltages up to about 66,000 volts, but for voltages near 
66,000 volts and higher they aie large, expensive, and produce exces¬ 
sive torsion in the crossarms. 

284. Suspension-type Insulators.—If seemed at one time that the 
insulator would limit transmission voltages, 
as the pin type had practically reached its 
limit in size, weight, and cost. The intro¬ 
duction of the suspension-type insulator, 
however, has raised the limit of trans¬ 
mission voltages to more than four times 
the value possible with the pin-type insula¬ 
tor. With the suspension type of insulator, 
the conductor is suspended instead of being 

rigidly supported. A string of suspension Fig. 400.— Section of link-type 
insulators is made up of several units in susi)ension insulator. 

series, the number of units depending on the voltage. A single unit can 
operate safely at 16,000 to 25,000 volts, depending on local conditions. 
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Under normal conditions, the insulator string acts as a flexible support 
for the conductor and offers little or no resistance to horizontal forces. 
Hence, the stresses in adjacent spans should be nearly balanced, or 

the string will be pulled out of the 
vertical. When a span breaks, 
the string is thrown temporarily 
into the adjacent unbroken span 
as a strain, or dead-end, insulator. 
Suspension-type insulators are 
used also as strain insulators at 
dead ends, railroad crossings, 
etc. Figure 400 shows a section 
of a link-type suspension insu¬ 
lator in which the suspension 
loops link each other. Figure 401 
shows a string of cemerited-cap- 
type insulators arcing over under 
high voltage (also see Figs. 402, 
403). 

It is good practice to require 
dry flashover of the assembh^d 
insulator unit at three to five 
times the operating voltage and 
wet flashover at twice the oper¬ 
ating voltage. The leakage path 
should be approximately twice the shortest air-gap distance. 

285. Transmission Structures.—There are three general types of 
transmission structures employed in this country—wooden poles, 
steel poles, and steel towers. Concrete poles are used occasionally. 

Wooden poles are used on the lighter lines, especially w^hc're the 
voltage is low. Wooden poles have the advantage of being cheap, 
and this economical advantage is enhanced, of course, in or near areas 
where suitable timber grows. They are light, easily fitted, and easily 
erected. On the other hand, their life is less than that of steel or con¬ 
crete structures. They are not strong enough for heavy lines oper¬ 
ating at high voltage. Owing to the limited height of wooden poles, 
the spans must be short. 

Steel poles are made ordinarily of four main members supported 
and braced by latticework and usually are set in concrete. This 
type of pole is strong and, if painted occasionally, has a long life. 
It does not require a wide right of way and is particularly useful in 
mill yards and along railroad tracks, where space is limited. Except 


Fig. 401.—High-voltage flashover 
fiom aicing ring to arcing rod of suspen¬ 
sion-insulator string. {Gtntral Electric 
Co.) 
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for moderate heights, however, towers are cheaper than steel poles, 
especially in this country where labor costs are high. 

Steel towers are a development of the windmill tower common 
in this country. They are composed ordinarily of four main members 
braced by light cross members. They are stronger and more rigid 
than either the wooden or the steel pole. As they are made of com¬ 
paratively few standard members, riveted or bolted together, the 
labor costs are comparatively low. Owing to the spread of the, four 
main members, they are able to resist the high torsional stresses such 



1 iG. 402 -Staiidaid towei and 'shiiip-thorned Joshua tioes on sinKle-cimiit settion 
of Bouldei Dani-Lo& Angeles 287,000-volt tiansinission line (General Klectr'ic C'o ) 

as would result from the breaking of the conductors on one side. 
Towers may be set in concrete bases. This is necessary if the ground 
is marshy. A less expensive method is to rivet plates, or feet, on the 
bottom and bury the lower supports directly in the ground. The 
towers are usually shipped ‘‘knocked dowoi’^ and are assembled on 
the spot by the erecting crew. 

Steel towers are the most satisfactory type of transmission-line 
support from the point of view’^ of mechanical strength, reliability, 
maintenance, and life. They are used for practically all lines of 132 kv 
and higher. 

In Fig. 402 is showm a standard totver of the Boulder Dam-Los 
Angeles 287,000-volt transmission line. The line is 225 miles long, 
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and the transmission voltage is the highest in the world (1946). 
Note the two overhead ground wires, the arcing rings at the lower end 
of the insulator strings, and the arcing rods at the upper end. There 
are 24 insulator units in each string, and the voltage to ground is 

166,000 volts, giving an average voltage 
per unit of 6,900 volts. 

A less expensive form of transmission- 
line structure is the flexible tower. This 
form of tower is based on the principle 
that, if the stress(\s in two adjacent spans 
are equal, the structure acts merely as a 
prop which supports the line but which 
need not resist longitudinal forces. Flexi¬ 
ble towers. Fig. 403, are merely A-frames 
designed to withstand the maximum 
transv(*rse stress that may occur but are 
not intended to withstand stress in the 
direction of the line. When these towers 
are used, an anchor tower about every 
mile is necessary, in order to take care of 
any unbalanced longitudinal forces, which 
occur w^hen conductors break. When 
suspension insulators are used, a steel 
ground wire is necessary at the top of the 
structure to give longitudinal support to 
the tower. The advantage of flexible 
tower construction lies in the fact that 
the towers are usually assembled complete 
in the factory and are easily erected. 

SUBSTATIONS AND DISTRIBUTION 

286. Transformer Substations.—The 

iiG. 403.—132,000-volt ‘5m- function of the sub-station is to receive 
th^^C"hern““ohw electrical energy, usually at a voltage 
Tiaction and Light Company, too high for commercial purposes, and to 
{Archhoid-Brady Co ) deliver this energy at other voltages and 

sometimes at other frequencies such as may be reciuired for the 
district served. 

The substation may be a transformer station only, receiving 
energy at a voltage of 26,400 volts, for example, and transforming 
it to 2,300 volts for general distribution. Figure 404 shows the 
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wiring diagram of such a station. Two distribution lines leave the 
station at 2,300 volts, one for lighting and one for power. Power 
loads and lighting loads should be kept separate, if possible, in order 
to avoid the flickering of lamps when the motor loads are thrown on 
and off the line. Usually, 2,300- to 230-115-volt transformers are 
used to step down the voltage for lighting purposes, a 3-wire system 

Incoming Lines 26,400 V. 



Fia. 404.—Typical connections for a transformer substation. 

being employed for the secondary (see Figs. 374, 375, p. 458). Owing 
to the possibility of the low-voltage wires coming in contact with high- 
voltage wires and so exposing the consumer to danger, one wire of the 
secondary of lighting circuits, usually the neutral, should be grounded 
at each consumer’s premises. As motor loads arc usually 3-phase, 
two V-connected transformers, three single-phase transformers, or a 
single 3-phase transformer may be used for stepping down the voltage. 
In order to save secondary copper, motors are often operated at 440 
or 550 volts. Some large consumers, employing a few large motors, 



494 


ALTERNATING CURRENTS 


may operate them at 2,300 volts and thus eliminate the step-down 
transformers. 

287. Distribution Circuits. —In calculating the voltage drop in 
low-voltage circuits, the same principles are employed that are 
applicable to high-voltage circuits (Secs. 262 to 268). With such low- 
voltage circuits, capacitance effects are negligible. However, the 
percentage of reactive drop may be high, and frequently little is 
gained by increasing the cross section of conductor. A careful study 
of Eq. (227) (p. 460) will show that increasing the diameter of wdre 
reduces the reactance drop by only a small amount. Reactance drop 
may be reduced by reducing the spacing betweem conductors, but 
with conductors on poles a certain minimum spacing is required. 
Hence, with alternating current, the problem of obtaining good volt¬ 
age regulation is more difficult than with direct current (Vol. I, Cffiap. 
II, Potential Drop in Feeders). 

Example. —It is desired to deliver 50 kva, 0.80 power factor, lagging current, 
at 230 volts, single-phase, 60 cycles, from a transformer secondary over a distance 
of 600 ft, the loss not to exceed 12 per cent of the d('livered power. The wires are 
spaced 18 in. betw^een centers. Determine (c) size of conductor; (h) voltage ditfer- 
ence between sending and receiving ends; (c) efficiency of transmission, 

, , ^ , 50,000 

(а) Current = ~~ ^q ~ =217 amp. 

{2\7pR' = 0.12 • 40,000 = 4,800 watts, 
ft' = = 0.102 ohm. 

5 280 

Resistance per mile = 0.102 = 0.449 ohm. 

1, JUU 

From Appendix 11 (p. 612) stranded 00 wire gives the next low'est value of 
resistance. The resistance = 0,428 ohm. Ans. 

(б) J? = 0.428 = 0.0486 ohm per wire. 

o,^oU 

Resistance drop 

IR = 217 • 0,0486 = 10.55 volts per wire. 

From Appendix H, the diameter of 00 stranded wire is 0.418 in. 

Using Eq. (227) (p. 460), 

- 2rt0 (»0 + 741 1.*. ) lir. (,^) 

(Appendix J, p. 614 may also be used.) 

IX = 217 • 0.065 = 14.1 volts. 

Volts to neutral = 115; cos 0 - 0.80, sin 0 « 0.60. 
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Using Eq. (232) (p. 467), 

Es = \/(T15“0 80 + 10.55)2 + (11^OM+l4j)* = 132 volts, 

2(132 - 116) = 34 volts. Am. 

(c) Mi = (217)'* • 0.0972 = 4,580 watts, 

Pffl • 50,000 • 0 80 

EfBeiency gQ qqq . q gQ 4 ggo’ 

It is inleresting to compare the effect on the voltage difference of using 000, 
the next larger size of wire. 

Resistance of 600 ft = 0.0385 ohm. 

TR = 217 • 0.0385 = 8.36 volts. 

Reactance of 600 ft — 0.0633 ohm. 

JX = 217 • 0.0633 = 13 75 volts. 

Es = \/(115^0 80 + 8.3(^)* +lll5~0 Ol + 13 75;^ = 130.1 volts. 

2(130.1 - 115) = 200.2 - 230 = 30 2\olts. 

That is, an increase of 26 per cent in the cross section of tlie conductor has almost 
negligible effect on the value of Es ii-nd small etlect on the voltage difference. 

288. Three-wire Systems.—The alternating-current 3-\Nire system 
is identical in its basic principle ^^ith the direct-current 3-\viro system. 


'lO A a 



tio. 405. X^iibalaiHcd d-wiic s\stei.i 

That is, the neutral ^^ire acts as a return for the current in the two 
outer wires. With balanced loads, the neutral current is zero (see 
Vol. I, Chap. XV). The neutral is obtained usually by connection to 
the center of the transformer secondary, Fig. 405 (also see Fig. 375, 
p. 458), although an autotransformer or balance coil also may be used 
(see Fig. 245, p. 288). In order to ensure protection against shock 
to persons, due to a possible breakdow n of the transformer insulation 
or to contact of secondary mains \dth high-voltage wires, the neutral 
of the transformer is grounded, Fig. 405. 

With no current in the neutral, the reactance of the outer wires 
may be calculated as in Sec. 287. The calculation of the system 
reactance x\ith current in the neutral is a special problem. Also, the 
neutral current is determined not only by the magnitudes of the 
currents in the outer wires but also by their phase relation. 
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Example ,—The equivalent load on one side of the 3-wire system taken from 
the secondar 3 ’' of the transformer, Fig. 405, is 50 amp at unity power factor, and 
the load on the other side of the 3-wire system is 55 amp at 0.8 power factor, 
lagging current. The voltages Eao and Eoi, may be assumed to be 115 volts each 
and in phase with each other. Jletermine the current in the neutral and its phase 
relation to the voltages Eao and Eoi. 



The vector diagram, Fig. 406, shows Eao = E„h = 115 volts in phase with each 
other. The current Iao — 50 amp is in phase with Eao] the current lob = 55 amp 
lags Eob by 36.9° (cos“^ 0.8). llie neiitral current, by subscript notation (p. 124), 

loo' “ I ao “b J bo* 

Reversing lot^j Fig. 406, gives ho* Hence ho' is the vector sum oi I„„ and Tho* 
The problem ma.y be solved trigonoinetrically, but the solution by complex num¬ 
bers is simple. 

= 50 4- jO. 

lob = (55 • 0.80) - j(55 • 0.(>0) (sin 36.9° = 0.60). 
lob — 44 —^33 amp. 

I bo — —44 + J33 amp. 
loo' = (50 +j0) + (-44 f .;33) 

= 6 + J33 amp. 

\lao'\ = VT6)M^ (33)2 = 33.5 amp. Aiiff. 
tan a = = 5.5, a — 79.7°. Ana. 

Hence the neutral current diff(*rs considerabty from the arithmetical ditference of 
the two currents in the outer wires. 

289. Low-voltage Alternating-current Networks. —Tho method of 
distribution of a-c energy for lighting and industry is indicated in 
Fig. 374 (p. 458), in which the primary mains, or distrilnition linos, 
operate at 4,0()() volts, 3-phase, 4-wire, 2,310 volte to neutral; trans¬ 
formers located at or near the consumers’ premise's step down the 
voltage to the value recpiired. F'requently the primary mains are 
2,300-volt (between wires), 3-phase, 3-wire. In the early days direct 
current was developed for distribution in thickly settled areas because 
it was much more reliable than any of the then existing a-c systems 
(Vol. I, Chap. XV). However, because of the higher efficiency and 
lower cost of an a-c system, it became desirable to develop one that 
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would compare in reliability with the d-c system, and the alternating- 
current network has resulted. The first cost and operation of this 
system is much less than with the d-c system, largely because the d-c 
substation is eliminal.ed. 

Inherently the system is based on a 3-phase 4-wire 208-volt 
secondary system with grounded neutral, Fig. 407. This gives 208 
volts, 3-phase, for 220-volt induction motors, which are now designed 
so that their operating characteristics are not greatly affected by the 
5.5 per cent reduction in voltage, and 120 (208/^3) volts to neutral 
for lamps. Fig. 407. (Some systems operate at 199-115 volts.) 
The system is designed to supply areas where the load density is high; 
general distribution in a large city and in downtown districts of the 
smaller cities and towns affords an example. 3'he system is adapted 
particularly well to areas where freciuent changes in large single loads 
require a system having a high degree of flexibility, as in downtown 



Fio. 407. Low-voltage a-e network principle. 


districts where chan^ 2 ;es frequently occur in both lighting loads and 
miscellaneous industrial applications. Typical loads are stores, 
theaters, hospitals, elevators, and small industries. The secondary, 
or low-voltage, system consists of a 208- to 120-volt 3-phase 4-wire 
network fed at different points from high-voltage feeders through 
network transformers. 

A one-line diagram of the system is shown in Fig. 408. In the 
secondary system the mains are connected together solidly to form a 
grid, or network, to which the customer loads are directly connected. 
The secondary system is designed Avith such size of wire that faults 
will burn themselves clear. To localize burnouts and thus prevent 
the destruction of an entire cable by overheating during a short 
circuit, current ‘Timiters,” consisting of a copper conductor of cross 
section slightly less than that of the cable, are inserted in series with 
the cable at the two ends. The limiters are surrounded with cement 
or some other fire-resisting material to prevent hot metal becoming a 
fire menace to neighboring cables. 

The network is supplied by specially designed network transformers 
of about 300- to 500-kva rating, the primaries being connected through 
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disconnecting switches to feeders operating usually at the voltage at 
which power is delivered to the substation, 13,800 volts or thereabouts, 
Figs. 407 and 408, being common. Thus the 2,300- and 4,000-volt 
intermediary system. Fig. 374, is eliminated. The transformers are 
located usually in manholes, vaults in buildings, and private enclosures. 
Transformers for subway and manhole installations are of the sub¬ 
mersible type and are waterproof. 

Since continuity of servicie is highly important in downtown 
districts, particularly in the large cities, means are necessary to 



^ Higrh-voltage Oil Circuit Breaker 
•—•Disconnectinj? Switch 
-|^13,800-208-V. Network Transformer 
Fi<j. 408.—^Low-voltage a-c network. 

approximate the quality of service given by direct current with 
storage battery stand-by. Tlie network is usually fed from more 
than one source, two substations being shown in Fig. 408. Also, in 
order that the failure of a single feeder may not cause interruption of 
service, there should be at least two feeders from each substation to 
the network. 

To improve further the continuity of service, the automatic 
network protector has been developed. This consists of an air-break 
switch with closing and tripping mechanism controlled by suitable 
relays. When a feeder trips out or is removed from service, the net¬ 
work protector automatically disconnects the transformer secondaries 
from the network, for otherwise the transformer would feed energy 
from the network back into the feeder, which may have become faultyi 
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The relays operate on reverse energy and are so sensitive that they 
operate to disconnect the transformer secondary when only exciting 
current flows to it from the network. 

When the operator connects the feeder to the substation bus bars, 
the protector will automatically close it the secondary voltage of the 
transformer is slightly higher than that of the network and if the two 
voltages are substantially in phase opposition. If the conditions are 
not correct for closing, the protector merely remains ready to close 
and operates when the correct conditions do ()(*cur. 

290. Motor-generator and Synchronous-converter Substations.— 
It is often necessary to obtain direct current from alternating current, 
either for power supply to a thickly populated district or for electric 
railways. As has been pointed out (Sec. 239, p. 420), the mercury-arc 
rectifier, the synchronous-motor-generator set, the induction-motor- 
generator set, or the synchronous converter may be employed for 
changing the alternating-current supply into dire(*t current. The 
rectifier has no rotating parts and in the higher voltages is very 
efficient, as has been pointed out. The advantage of the synchronous- 
motor-generator set is that its ])ower factor may be controlled; its 
disadvantage is its tendency to fall out of step when line disturbances 
occur. The advantage ot the induction-motor-geiierator set is that 
the induction motor tends to continue operating ev(m vhen severe line 
disturbances oc(*ur; the induction motor does not recpiire d-c excita¬ 
tion and is very rugged. Its princi]}al disadvantages are that it 
takes lagging current, and at light loads its powder factor is low. 

The advantages and disadvantages of the synchronous converter 
as compared with motor-generator sets have already been discussed 
in Sec. 239 (p. 420). 

291. Circuit Breakers.—With an ordinary air-break switch, it is 
practically impossible to interrupt a high-voltage circuit supplying 
any considerable amount of power. Special air-break switches arc 
in use for interrupting high-voltage circuits; but the knife blades of 
these switches are 4 to 6 ft long, and the switch is provided with horn 
gaps. Such switches are suited only to outside mounting, where there 
is ample space for the resulting arc. The powder rating of such switches 
is very limited. 

Circuits may be opened in air by means of air-blast circuit breakers. 
When the switch contacts begin to open, a powerful blast of air is 
directed transversely to the arc. The ionized gases of the arc are not 
only partly de-ionized by the admixture of the air in the blast, but 
the path of the arc is extended, thus increasing its tendency to rupture. 
Otherwise, in order to interrupt high-voltage circuits, especially where 
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the power is large, the switch contacts must be immersed in oil in 
order to suppress the resulting arc. 

The process of interrupting the arc by the oil circuit breaker is as 
follows: After the contacts have begun to move apart, the current is 
interrupted while passing through one of its zero values, when the 
energy of the magnetic field is zero. Since the contacts can 

have moved apart only a short distance during the time when the 
current is near its zero value, the current continues to flow as the 
contacts move apart, thus forming an arc that consists of highly 
ionized gases. The voltage across the contacts reaches its peak value 
usually within a very short time before or after the current is passing 
through its zero value, and this voltage tends to maintain the current 
across the arc. However, the heat of the arc decomposes the oil into 
gases, which for the most part are non-ionized. These gases by recom¬ 
bination act to de-ionize the gases in the arc and thus convert them 
to a dielectric of sufficient strenglh to withstand the voltage across the 
contacts, which is attempting to maintain the arc. The current may 
be reestablished for several cycles before the arc is finally de-ionized 
and the current interrupted. Ultimately, the noncarbonized oil in 
the switch tank enters the space between the contacts, establishing a 
dielectric strength, or dieh'ctric re'covery voltage, that is ample to 
extinguish the arc. It follows that a zero pov\ei*-factor load is the 
most diflScult to interrupt, since the circuit voltage is a maximum at 
the instant the current is going through its zero value. Thus, at the 
instant the current woidd be interrupted most readily, the maximum 
circuit voltage exists across the contacts, tending to maintain an arc. 
The usual type of modern oil circuit breaker opens the circuit in 3 to 8 
cycles after the first instant of short circuit. 

Since a direct current does not go through zero values, it is very 
difficult to interrupt high-voltage direct current even under oil. 

Manufacturers have develojjed se\eral different designs for 
extinguishing arcs. In Fig. 409 is sh(n\n a section of an Allis-Chalmers 
BZO-GO, 115-kv breaker. The high-voltage terminals are connected 
to the stationary switch contacts wdthin the oil-filled case by copper 
connecting rods, which are insulaied from the case by high-voltage 
bushings. The contacts are surrounded by a ^^ruptor,” the stationary 
‘Hulip contact,’^ w^hich is shown separately. The movable contacts, 
or contact bridge, arc operated by the bakelized wooden lift rod, which 
extends up through the top of the case to the opening and closing 
mechanism. In closing the circuit, the bayonets, or plungers, move 
up through the throat of the tulip contact of the ruptor. Between 
the tulip contact and the stationary contacts there is a small oil 
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reservoir, or chamber. During the initial movement of the bayonet 
in the chamber, in proceeding to open the circuit, pressure is generated 
in the chamber by the heat of the arc, and oil is impelled into the 
throat, or passage, to intermingle \vith the arc and complete the 
dielectric recovery of the oil, and thtis extinguish the arc. 



Fia. 409. Allib-Chalinerjs-type oil circuit breaker, 115 kv, 800 amp, 1,500,000-kva 

interrupting capacity. 

Air-blast circuit breakers, in which the arc is extinguished by a 
high-velocity jet of air directed at the an;, are now in common use for 
circuits up to 15 kv and 1,500,000 kva. Although they do not have 
the advantages of oil insulation, they do have the important advantage 
that fire hazard due to burning oil is eliminated. 

292. De-ion Grid Circuit Breaker.^—The de-ion grid circuit 
breaker, invented by Dr. Joseph Slepian of the Westinghouse Electric 

* Baker, B. P., and H. M. Wiia’ox, “The Use of Oil in Arc Rupture,” Trans. 
AIEE. Vol. 49, p. 431, April. 1930 
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Corporation, is designed so that the arc, consisting of a stream of highly 
ionized gases, is quickly de-ionized by being forced into intimate con¬ 
tact with an adequate supply of non-ionized gas. 

The construction of the contacts and grids is shown in Fig. 410(a) 
and (6). The moving contact, Fig. 410(a), moves up to the stationary 
main contacts through a narrow groove formed in a stack consisting 
of a series of plates of insulating material interspersed with plates of 

magnetic material. The groove is 
partly open at the right-hand side. 
Figure 410(6) shows the plates of 
each material. 

When the contacts open, the 



arc is drawn down through the 
groove as shown in (6). The cur¬ 
rent in the arc produces a magnetic 
flux in the iron plates, Fig. 410(a), 
and this flux crosses the groove. 
The arc is, therefore, in a magnetic 
field and by motor action is driven 
toward the closed end of the groove. 
It is thrown against a solid wall of 
oil. In the very short time [that 
the arc exists the oil cannot escape. 
The heat of the arc decomposes 
sf)me of this oil into gases, which 
are relatively cool and are therefore 
in a non-ionized condition. These 
gases cannot escape except by pass¬ 
ing through the arc toward the open 
end of the groove. In doing so, the 
non-ionized gases intermingle intimately with the ionized gases of 
the arc, causing their rapid de-ionization and hence the extinction of 
the arc. This type of breaker interrupts the circuit in about 3 cycles 
minimum. 


Fig. 


Insulation 


•A-rc '.Moving Contact 
( 6 ) 

410,—Cross section of “de-ion 
grid.” 


293. Automatic Substations.—In order to eliminate the expense of 
an attendant, automatic substations have been developed. These are 
particularly adapted to electric railway work. After the trolley 
voltage in the vicinity of the station has fallen below a predetermined 
value and remained there for a minute or so, a combination of relays 
and switches starts up one of the synchronous converters or motor- 
generator sets, synchronizes it with the alternating-current line, and 
then connects the direct-current side to the trolley line. If the load 
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on the station exceeds the safe load of the machines in service at that 
time, another machine staits up automatically, and after it is con¬ 
nected across the line, the held iheostat operates to make it take its 
shaie of the load. Also, the machines diop out of service automatically 
after the load has fallen below a predetermined value. By means of a 
telemetering system, the load despatchei in the cential station is kept 
infoimed, by automatic means, of every operation in the substation 
He is able to start and stop any machine, his control being effected 
through the medium of the telemetering system or of pilot wiies 



> 1 G 411—Outdoor bVMlclung station at Maishall Foul Dam {Geneial Electric Co ) 


294. Outdoor Stations.—When the voltage is high, the cleaiances 
required by the high-tension leads and bus bais ^Mthm a station A\ould 
lequiie a large building and, hence, a consideiable in\ estment Theie- 
fore, tiansformeis, sl^itches, lightning ariesteis, and lotatmg machin¬ 
ery e\en have been designed so that it is possil)le foi them to operate 
out of doors The building need house only the switehboaid and the 
operator—if the latter is necessary The oil siMtches, lightning 
aiiesters, tiansformeis, bus bars, and e^en s\ii(hionous condenseis 
can be placed out of doors (see Fig 310, p 112) The apparatus must 
be practically airtight to keep out moisture Figure 411 sho\\s an 
outdoor substation at Marshall Ford Dam associated vith the Lo^^er 
(^olorado River Authority and located 20 or 30 miles from Austin, 
Tex , on the Colorado River. 



CHAPTER XIV 
ELECTRON TUBES 


296. Electrons. —Electron tubes, vacuum tubes, or thermionic 
valves, as they are variously called, depend for their operation on the 
fact that electricity is atomic. That is, electricity is composed of 
extremely small negative charges called electrons. The charge of each 
electron is 1.59 • 10“^^ coulomb, and its mass is 9.04 • gram, or 
1/1,845 of the mass of the hydrogen atom. A neutral atom of matter 
consists of a small positively charged nucleus, with which enough elec¬ 
trons are associated to give an equal negative charge, so that the 
resultant charge of the entire atom is zero. The nucleus itself is made 
up of as many hydrogen nuclei, or protons, as there are electrons and an 
equal or greater number of neutrons that have substantially the ^ame 
mass as the proton but no electric charge. In nonconductors of elec¬ 
tricity, the electrons are very closely associated with the nucleus, and it 
is difficult to remove an electron from the atom. In the metals, which 
are conductors, a small proportion of the ele(*trons appear to be free 
in the sense that they are able to pass easily from one atom to the next. 
Even so, the density of these free electrons in a metal is extremely 
high, being sufficient to give a charge of approximately 16,000 coulombs 
per cu cm. 

The free electrons in a metal are supposedly in constant motion and 
are continually colliding with one another and with the atoms of the 
metal, Avhich are also in motion. Their motion is similar to that 
of the atoms of a gas in a confined space. As with the atoms of a gas, 
the velocities of the individual electrons differ widely at any instant, 
but their velocity as a Avliole gives an average velocity that is deter¬ 
mined by the temperature of the metal. 

296. Emission. —The surface of the metal is a boundary surface 
for the free electrons and is impervious to most of them. A force of 
repulsion is exerted at this surface on the electrons in contact with it, 
which turns back all those whose velocities fall below a certain critical 
value, while allowing those having velocities greater than this critical 
value to pass through. If the space outside the metal is evacuated, it 
Avill gradually become filled with electrons. These electrons collide 
among themselves, however, causing some of them to return to the 
metal through the surface. This process is accelerated by the space- 
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charge effect of the electrons. That is, the electrons in the space out¬ 
side the metal, all being negatively charged, mutually repel one another 
and drive some of the electrons back into the metal. A condition of 
equilibrium is reached when in any given time the number of electrons 
leaving the metal is equal to the number returning to it. 

297. Critical Velocity. —The critical velocity that an electron must 
have in order to escape from a metal is of the order of magnitude of 
10® cm per sec. It varies somewhat for the different metals. It is 
usually expressed in terms of the difference of potential through which 
an electron must fall in order to acquire this velocity, for this difference 
of potential is the quantity actually measured. The energy of an 
electron carrying a charge e and having a mass m when it has fallen 
freely through a difference of potential V and acquired a final velocity 
V is 

Ve = (249) 

The difference of potential corresponding to a velocity of 10® cm per sec 
is about 4 volts. 

The emission of electrons from a metal is analogous to evaporation 
from a liquid. The surface tension of the liquid corresponds to the 
apparent repulsive force at the surface of the metal. The latent heat 
of evaporation c()rresi)orids to the uork done })y the electrons against 
the repulsive force at the surface. 

At room temperature, the number of electrons emitted from a 
metal over any ordinary interval of time i^ very small; for the average 
velocity of the electrons within the metal is low, and only occasionally 
does one attain sufficient velocity to escape from the surface. 

Raising the temperature of the metal increases the average velocity 
of the electrons and increases the emission, for more electrons obtain 
sufficient velocity to escape. The emission increases rapidly with 
increase in temperature and reaches astonishingly large values at white 
I'cat. Emission of electrons may also be pioduced by ihe action of 
light (photoelectric effect), by X-rays, by the various rays from radio¬ 
active substances, and by the impinging on the surface of high-speed 
electrons (secondary emission). 

298. Richardson’s Law. —Richardson, in 1901, showed that the 
emission per unit area is an exponential function of the temperature 
and is also a property of the material. 

The current in amperes per square centimeter emitted from««a body 
at temperature T in Kelvin degrees is given by the equation 

_ 1 

I = ATh 2^, (250) 

where € is the natural logarithmic base. 
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This relation is known as Richardson^s law of emission. The value 
of A is the same for most pure metals. Values of A and h for several 
emission materials are given in the following table. 


Substance 

A 

b 

Tungsten. 

60 

5.24 • 10^ 

Thorium. 

60 

3.89 • 10* 

Thorium on tungsten. 

3.0 

3.05 • 104 

Barium and strontium oxides on platinum. 

3.0 

2.0 104 


Of the two parameters, b is the more important at high temperatures, 
because it enters exponentially. The substances listed in the table are 
arranged in the order of their emissions at a high temperature, tungsten 
having the smallest emission. 

The maximum temperatures at which filaments may be operated 
depend on their melting points and their physical dimensions. The 
temperature is usually chosen to give a life of approximately 1,000 hr. 
This corresponds roughly to current practice with incandescent lamps. 
The operating temperature for tungsten filaments 0.01 in. in diameter 
is approximately 2,500°C; for thoriated tungsten filaments, the tem¬ 
perature is about 1600°C; for platinum filaments coated with barium 
and strontium oxides, it is about 1300°C. At these temperatures, 
the emission is approximately the same for all these filaments. 

299. Thermionic EflSiciency.—In practice, the metal from which 
emission takes place is in the form of a long filament of small diameter, 
which is heated by the passage of an electric current, or in the form of a 
cylinder of small diameter surrounding a heated filament. The 
latter type of emitter, or cathode, is called the separate-heater type. 
The energy necessary to maintain the filament at a given high tem¬ 
perature is determined mainly by the heat radiation from it. The 
energy radiated varies as the fourth power of the absolute temperature, 
which is the Stcfan-Boltzmann law of thermal radiation. Emission 
currents for various kinds of filaments are shown plotted in Fig. 412 
on logarithmic coordinates. The resultant curves are almost straight 
lines. Since this tube characteristic is of particular interest to the 
tube designer, special curvilinear coordinate paper is used ordinarily 
so that the plot becomes a straight line and data taken at low power 
may safely be extrapolated to a region difficult to measure. 

Thermionic efficiency is defined as the ratio of the current emitted 
to the power input, both for the same surface area. For tungsten 
at 2600®C, this efficiency is approximately 5 ma per watt; for thoriated 
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tungsten at 1600®C, it is about 50 ma per watt; for oxide-coated 
platinum at 1300®C, about 50 ma per watt. 

Both oxide-coated platinum and thoriated tungsten are less stable 
in their emission characteristics than pure tungsten and are liable to 
be affected by traces of gas and by bombardment by positive ions. 
The surface layer of thorium on a thoriated tungsten filament is greatly 
affected by slight traces of gas. The chemical phosphorus or mag- 



0.1 0.2 0.5 1.0 2.0 6.0 10 20 50 100 


Watts per square centimeter 
Fic.. 412.—Powci-emission eharacteiistics. 

nesium, used in completing the evacuation of the tube, is deposited on 
all inner surfaces and is available for absorbing traces of gas formed 
during operation. When these deposits are completely oxidized, 
further formation of gas attacks the thorium surface layer and ends 
the life of the filament. 

300. Space Charge. —It is shown in Sec. 296 that when a hot fila¬ 
ment which emits electrons is placed in an evacuated chamber the 
space becomes filled with electrons. This constitutes an electron gas, 
or apace charge. The density of the charge is not uniform, being 
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greatest next to the hot filament. Ecfuilibrium is attained when in a 
given time as many electrons fall back into the filament as are emitted 
by it. 

301. Two-electrode Tube. —If a cold electrode, called the anode or 
'plate, Fig. 413, is inserted in the evacuated chamber containing a 

heated cathode, some electrons will 
reach it and it will assume the poten¬ 
tial of the space it occupies, whi(;h 
will be slightly negative with respecit 
to the cathode. Let it be assumed for 
the present that the cathode is of the 
separate-heater type so that there is 
no fall of potential along it. If, now, 
the anode or plate is connected through 
a sensitive galvanometer back to the 
cathode, a small current will flow. In 
Fig. 413.- Kmissioii of electrons the usual or conventional sense, its 

from hoatod cathode with no plate direction will be from the cathode 
battery. 

through the galvanometer to the plate, 
Fig. 413. Actually, the motion of the electrons, which are negative 
charges, constitutes the current. This motion is in the opposite direc¬ 
tion, or from the cathode to the plate inside the tube. 




Fig, 414.—Finission of electrons from heated filament with plate battery. 


302. Space-charge Saturation. —When a voltage is applied between 
plate and cathode, making the plate positive with respect to the 
cathode, the positive plate will attract the negative electrons and a 
much larger current will flow than when the applied voltage is zero. 
This may be determined experimentally by connecting the tube in 
the manner shown in Fig. 414. The plate is made positive with respect 
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to the cathode by means of the battery B, The voltage E between the 
cathode and plate may be varied to E', JEJ", etc., by the battery tap, 
as shown. A galvanometer or microammeter G is conAected in circuit 
to measure the plate current. The manner in which the plate current 
varies with the temperature of the cathode for different applied plate 
voltages is shown in Fig. 415. For low temperatures and the cor¬ 
responding small emissions, the small plate voltage E' is sufficiently 
large so that all the emitted electrons are attracted to the plate, and 
the current increases rapidly with the temperature along the curve Oa. 
As the temperature and, hence, the emission increase, the density of 
the electron cloud between cathode and plate also increases, and, 
hence, the repulsive force on the electrons leaving the cathode, due to 
this negative space charge, increases. Ultimately, this repulsive force 




Tig. 4ir).—Plate (niient as function of 1 i<» 41(> Plate (uiient as function of 
toniperatuio for dififeient voltages Aoltago for differ out toinperaturos. 

becomes eciual to the attractive force due to the plate voltage E\ 
When this condition is reached, the rate at uhich the electrons return 
to the cathode is equal to the rate at which they are emitted by the 
cathode, and the plate current becomes constant, as at b. Fig. 415. 
This is called space-charge saturation. If the plate voltage is raised 
from E' to j?", Fig. 415, the attractive effect on the electrons increases. 
It will require a greater space charge than before to drive the electrons 
back into the cathode at the same rale as the cathode is emitting 
them. Hence, space-charge saturation now occurs at c, Fig. 416, 
corresponding to a greater value of electron-emission current. The 
equation of the envelope OacdE is Richardson\s law (250). 

303. Child’s Three-halves Power Law. —The plate current may 
also be considered as a function of plate voltage for different cathode 
temperatures T', T", etc.. Fig. 416. At low plate voltages, the electron 
emission or current is limited by space charge and increases as the volt- 
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age to the three-halves power. This is called CHildas three-halves 
power law, 

I = KE^. (251) 

The constant if is a function of the dimensions and relative spacing 
of cathode and plate. At a given cathode temperature, such as T\ 
the voltage ultimately reaches such a value that its attractive force at 
the cathode becomes larger than the mutual repulsive forces due to the 
space charge, and all the electrons emitted are drawn to the plate. 
The current becomes constant and is independent of the plate voltage. 
This condition for temperature T' is represented by the part ab of 
the curve. This is the true cathode saturation. As the cathode 
temperature is increased, the emission increases and cathode saturation 
occurs at higher values of plate current, as at c and rf. Fig. 41G. 

From the foregoing, it is obvious that the plate current is a func¬ 
tion of two quantities, or parameters—plate voltage and cathode 
temperature. 

304. Edison Effect.—When the cathode is a filament and is heated 
by passing a current through it, there is a fall of potential along the 
filament because of the resistance drop. The 
various parts of the filament, therefore, will liave 
different potentials with respect to the plate. 

For example, in Fig. 414, the plate is at the 
potential of the plate battery B above the right end 
of the filament but is at a higher potential, equal 
to the sum of the voltages of the B and A batteries, 
above the left end of the filament. If the B battery. 
Fig. 414, be removed, as in Fig. 413, and the plate 
connected to the positive end of the filament, its 
potential above the negative end of the filament 
will be the voltage of the A battery. Its potential 
above the various parts of the filament diminishes toward the positive 
end of the filament. 

A current will flow in the plate circuit, larger than that discussed 
in Sec. 301 but unequally distributed along the filament, being greatest 
at the negative end of the filament. If the plate be connected to the 
negative end of the filament, no current flows in the plate circuit., 
as the plate is negative to all other parts of the filament. Edison first 
noticed this effect in 1883, when he was developing the incandescent 
lamp. When he connected a plate P, sealed in the bulb near the 
filament P, through a sensitive galvanometer G to the negative ter¬ 
minal a of the filament P, Fig. 417, no current flowed through the 



Fig. 417.—Edison 
effect. 
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circuit PGaF, If, however, he connected the plate to the positive 
terminal 6 of the filament F, a very appreciable current flowed through 
the circuit PGbF. At that time nothing was known of electrons, and 
this current was referred to merely as the Edison effect. A study of the 
phenomenon was made by Fleming in 1896, but its true significance 
was not understood until explained by J. J. Thomson and O. W. 
Richardson in 1899 and 1901. 

306. Fleming Valve. —The most valuable property of the two- 
electrode tube, or diode^ is its characteristic of unilateral conduction. 
When the plate is positive with respect to the filament, it draws 
electrons from the filament, a current flows from plate to filament, 
roughly proportional to the three-halves power of their voltage differ¬ 
ence, and the device has a finite although variable resistance. When 
the plate is negative with respect to the filament, the electrons are all 
driven back into the filament and no current flows. The resistance 



Fui. 418.—Ilalf-wavc rectification with Fleming valve. 

of the device becomes infinite. If an alternating voltage be applied 
to a two-electrode tube. Fig, 418(a), the resultant current is pulsating 
but unidirectional. Fig. 418(6). The negative loop is entirely sup¬ 
pressed. The positive loop is somewhat distorted because of the 
variation of resistance of the device with current. The foregoing is 
called half-wave rectification. This rectifying action is identical in 
principle with that of the mercury-arc rectifier and the tungar rectifier 
described in Chap. XV. Fleming, in 1905, was the first to recognize 
this rectifying property of a two-electrode tube. He obtained a 
patent on its use as a detector of high-frequency oscillations, which 
became one of the fundamental patents in electron-tube development. 

306. Full-wave Rectification. —Both loops of voltage may be recti¬ 
fied by using two rectifiers. Fig. 419. The resulting current through 
the load is shown in Fig. 420. This is called full-wave rectification. 
If the load is of high resistance, the voltage impressed on it may be 
smoothed out, as shown by the full line in Fig. 421, by connecting a 
large capacitor across the output circuit. 
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■ The output voltage across the load is less than the peak voltage 
applied to the tube by the amount of the voltaj^e drops in the choke 
coils and in the rectifier tubes themselves. This drop is nearly 
proportional to the load current in high-vacuum rectifiers and causes 
the efficiency of the rectification process to be low. Since the efficiency 
is the ratio of load resistance to the sum of load resistance and tube 
resistance, that is, the total circuit resistance, high-vacuum rectifiers 



Fui. 419. - Connections which give full-wave rectification. 


should be used only with high-resistance loads. Mercury-vapor 
rectifiers have been developed for use in low-resistance circuits and are 
described in Chap. XV. 

The cathodes of rectifier tubes are usually operated from a low- 
voltage binding of the same alternating-current transformer that 
supplies the high voltage being rectified. In the tubes of small power, 
the two units necessary for full-wave rectification are sealed into the 
same evacuated bulb. These full-wave rectifier tubes are used largely 



Fio. 420.—Full-wave rectification Fig. 421.—Full-wave voltage rectifi- 

with two rectifierb. cation with capacitor acioss load. 


to supply the plate voltage in alternating-current-operated receiving 
sets. They are provided with low-pass filters. Fig. 419, for smooth¬ 
ing out the voltage ripple. This filter consists usually of three large 
capacitors in shunt to the load, and between each pair of capacitors is 
connected a large choke coil in the high-voltage lead. The cutoff 
frequency of this filter is placed at about 40 cycles per sec. 

High-power rectifiers, both the high-vacuum and mercury-vapor 
types, are used for the production of high-voltage direct current for 
high-voltage (2,000 to 15,000 volts) three-electrode oscillators, for 
X-ray tubes, and for obtaining high voltages for insulation-testing 
purposes. 



ELECTRON TUBES 


513 


307. Rectifier Tubes. —The three quantities that define the opera¬ 
tion of a rectifier tube are the maximum peak inverse voltage that the 
tube will withstand without breakdown, the maximum peak plate 
current as determined by filament emission, and the maximum direct 
current as determined by the heating of the anode due to the voltage 
drop. Representative ranges of these quantities for the smaller 
rectifier tubes are 700 to 1,550 volts, maximum peak inverse voltage; 
120 to 075 ma, maximum peak plate current; 40 to 225 ma, maximum 
direct current. 

308. X-ray Tubes. —The Coolidge hot-cathode X-ray tube, Fig. 

422, is a special two-electrode tube, designed for the production of 
X-rays. The filament E, heated 
by the low-voltage battery B, is 
concentrated and is electrostatically 
shielded by the molybdenum tube 
My SO that the electrons are emitted 
in a fine pencil. The plate, or 
anode, C is a massive block of tung¬ 
sten, which serves as a target for 
the electrons. X-rays are given off 
at the point w'hen^ the electrons ^ 

strike. Tlie anodes fre(iuently are 422 .-c,K,ii<igo X-ray tube, 

water-cooled to allow the use of 
high voltages and relatively large currents, as, for example, 100 kv 
and 5 ma. 

It is interesting to notice that, because of the high voltages used, 
X-ray tubes operate under the conditions for cathode saturation 
(Sec. 303). All other rectifier tubes operate under the conditions for 
space-charge saturation (Sec. 302). 

X-rays have the property of penetrating substances that are 
impervious to ordinary light. They are used to a very large extent in 
medical work in the study of fractured bones, the roots of teeth, etc.; 
in industry, to locate flaws in castings; in chemistry, to determine the 
crystal structure of substances, etc. 

309. Three-electrode Tube. —The addition of a third electrode to 
control the plate current was made by De Forest in 1907, in a tube 
that he called the midion. His patent, issued in that year, became as 
fundamental as that of Fleming in vacuum-tube development. He 
placed a lattice, or gridy as it is now called, between the cathode and 
plate. Fig. 423. The electrons, in passing from cathode to plate, 
must pass through this grid. If the grid is positive with respect to the 
cathode, it will assist the plate in drawing electrons from the cathode 
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and, hence, will increase the plate current. If the grid is negative 
with respect to the cathode, it will act in the same manner as the space 
charge (Sec. 300) and will repel the negative electrons toward the 
cathode and, hence, will decrease the plate current. Therefore, the 

plate current is a function not only of 
the cathode temperature T and the plate 
voltage Ep but also of the grid voltage 
In the region in which the current is 
limited by space charge, the expression 
for the plate current is 



= K {e„ + (252) 


where /x is the amidification factor of the 
tube as defined by (254). The form of 
this equation is similar to that of (251), 
p. 510. The grid voltage Eg is /x times 
as effective in determining the plate cur¬ 
rent as the plate voltage Ep, for the grid 
is much near(*r the cathode than it is to 
the plate. Hence, a very small amount 
of energy applied to the grid will control a much larger amount of 
energy passing from cathode to plate. It is this characteristic of the 
tube' which permits its use as an amplifier and as an oscillator. 


Fio. 423.—in crohis hcclion, 
grid pubitivc. 
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F IG. 424. Connections for determining static rhai acteristics of 3-electrodo tube. 


310. Static Characteristics of Three-electrode Tube. —A plot 
indicating the interdependence of electrode currents and voltages is 
called a steady-state, or static, characteristic. The three most impor- 
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tant static characteristics involve the three variables—grid voltage, 
plate voltage, and plate current. 

Figure 424 shows the connections that may be used to obtain the 
static characteristics of a three-electrode tube, or triode. The voltage^ 
Ep applied to the plate by the B, or plate, battery depends on the 
type of tube being tested. It is determined by the allowable heating 
of the plate produced by the direct-current power input. The tem- 



£7i7~Volts 

r'i(x. 425.- PI at 0-0 ur lent giid-voltagc chaiacteiistios 

perature of the plate mtist not exce<‘d that attained by it during the 
pumping process. No part of the tube shoiikl become hot enough to 
cause the evolution of gas from the heated areas. 

The voltage' applied to the grid may be obtained readily from dry 
cells C in series, a high-resistance drop wire Pc being used to vary the 
voltage and a revei'sing switcli Sw to give the desired polarity. The 
applied electrode voltages also may be obtained from power supplies 
similar to the supply shown in Fig. 419. 

1 The symbol Eh is asod to denote the steady direct-current voltage across the 
B battery; PJp is used to denote the tlirect-curreni voltage between plate and 
cathode. These two are seldom equal, but frecpiently their difference is negligible. 
For example, in Fig. 424, Ep differs from Eh by the voltage drop in the plate 
inilliammeter /,,, and ordinarily this voltage drop is negligible. Sometimes, 
however, a load may be connected between plate and B battery, and the voltage 
drop across this load may not be negligible so that Ep then cannot be assumed 
equal to Eh. A similar distinction is made between the voltage of the C battery 
Er and the voltage between grid and cathode Eg. 




616 


ALTERNATING CURRENTS 


Normal values for grid voltage, plate voltage, and plate current 
are as follows: 


Grid voltage 
Plate voltage 
Plate current 


0 to —60 volts 
28 to 300 voHs 
0.14 to 80 nia 


If the plate voltage is held constant at some value Ei, Fig. 425, 
and the grid voltage is varied, a curve ahc is obtained. This is a 
plate-current grid-voltage characteristic. Wlu^n the grid voltage is 
zero, current Ob flows to the plate, since the plate itself attracts elec- 



Fig. 420.—Plate-cuireiit plate-voltage chaiaeteiistics. 


trons from the cathode. In order to stop the flow of plate current, 
the grid potential must ))c negative and of a suffici(*nt value Oa to 
neutralize the effect of ihv plate voltage. An aj)proximate \^alue may 
be found by setting Ip equal to zero in (252), whence 


Ea = 



(253) 


If the plate voltage is increased to E 2 f then, for a given grid voltage, 
more current will flow in the plate circuit and curve a'b'c' is obtained. 
Curves for still greater plate voltages also are shown. 

The data represented in Fig. 425 may be plotted with plate voltage 
as abscissa. The resulting curves will be for constant grid voltage, Fig. 
426. These curves form the plate-current plate-voltage chara(*teris- 
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tics. This type of plot is valuable for studying the operation of tubes 
as amplifiers, as discussed in Sec. 314. 

In Fig. 427 is shown the third way in which the static characteris¬ 
tics of a tube may be plotted. The coordinates are plate voltage and 
grid voltage, and the resultant curves are referred to as plate-voltage 
grid-voltage characteristics. The curves are for constant plate cur¬ 
rent. This type of plot is used in studying the operation of tubes as 
oscillators, as discussed in Sec. 323. The lines of constant plate cur¬ 
rent may b^ thought of as the contour lines of a three-dimensional 



Flu. 427.—PIate-vultap:e prid-voltaKe characteristics. 

modol in which phite current extends out from the paper at right 
angles to tlie i)lane of the voltage coordinates. The other two types 
of plotting, Figs. 425 and 42h, are cross sections of this space model, 
taken parallel to each of the two voltage coordinates in turn. 

(hid current may be plotted in a similar manner, Fig. 449 (p. 536). 
Ex(‘('pt for tubes used as oscillators and class C amplifiers, the variation 
of grid current with plate and grid voltage is of little importance. 

311. Tube Coefficients.—I'he slope of a static characteristic at its 
usual operating point or at a predetermined point on the characteristic 
is termed a tube coefficient. 

Assume, Fig. 427, that the operating point is at Q and that the grid 
voltage is given a negative increment AEg of 5 volts. To keep the new 
operating point on the same plate-current line (10 ma in the figure) 
the plate voltage Ep must be changed by an amount AEp, The 
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ratio, ^Ep/AEg for constant plate current is a tube coefficient called 
amplification factor and is denoted by the symbol /i. 


AJiffj/p constant. 


(254) 


For triodes, jjl ranges in value from 8 to 100. 

In Fig. 420, an increment in plate voltage AEp demands a corre¬ 
sponding plate-current increment Alp so that the tube A\ill continue to 
operate on the same grid-voltage line ( — 5 volts in the figure). 1 heir 
ratio is a tube coefRcient called plate resistance and is denoted by the* 
symbol r^. 


Vp = 


AEp\ 

^1p\eo 


constant 


(255) 


The last of the three most important coefficients is olitained as the 
slope of the characteristic curve whose coordinates are Ip and Eg. This 
characteristic is shovn in Fig. 425. The ratio of the (*hang(* in platt' 
current Alp to the change in grid voltage AE,, for constant jilate voltag(' 
(150 volts in the figure) is called grid-plate transconductance oi mutual 
conductance and is denoted by the sjmilx)! (j,u 


Qm 


Al „ 

AEg'Ep constant 


(25(i) 


These three coefficients are really the partial derivatives of the 
expression for plate current (252) As such they are not indejx'nd- 
ent but are related by the e(iuation 


M = UrnTp 

C257) 

' V 

(258) 


The amplification factor m is determined by the relative spacing of 
grid and plate with respect to the cathode and by th(‘ degr(‘e of com¬ 
pleteness with which the grid shields the cathode iiom the electrostatic 
field of the plate, as determiiK'd by the openn(‘ss of its mesh. It is 
essentially constant over a wide range of grid and plate voltages and 
cathode temperature. It follow'^s then that transconductance Qm and 
plate resistance Vp vary reciprocally. 

Transconductance Qm increases slowly with plate voltage and grid 
voltage in the positive direction and with cathode temperature. It 
increases also with the physical dimensions of the tube elements, as to 
both length and radius. For a given size of tube structure it is roughly 
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independent of the relative position of the grid with respect to the 
cathode and plate and of the introduction of other electrodes. For 
small triodes it varies from 275 to 2,000 micromhos, with 1,000 
micromhos as a typical value for standard operating voltages. 

hrom (257) and (258) plate resistance varies in a manner opposite 
to that in which transconductance varies but varies to a much greater 
extent than transcondiictance. For small triodes its limits are 1 to 
400 kilohrns, with 10 kilohms as a typical value. 

312. Measurement of Tube Coefficients.— While the tube coeffi¬ 
cients may be determined graphically from the static characteristics. 



(a) Voltage-ratio method (5) Resistance-ratio method 
Fn. 42S. Dynamic measurcinent of amplification factor. 


these co('ffi(*ieiits may be measured more accurately by balance, or null^ 
methods, invohdng the use of a small low-frequency alternating 
voltage. Because of the use of an alternating voltage, these methods 
are called dynamic methods. The results will agree with the values 
obtained by measuring the slopes of the various static characteristics, 
pnnided that the alternating voltage is small. 

Since the amplification factor ^ is the ratio [see (254)] of the plate- 

voltage increment to grid-volt- ^ _ _ 

age increment that Vill maintain 1 ilEII Attenuator ^ 

the plate current constant, it is (y [ 

logical in a dynamic method for 
d('termining the amplification 
factor to iiisert a small alternat- 42».—VoltuKC' sources, for voltage- 

. ,, • .1 • 1 • ratio methods. 

mg voltage Ci in the grid circuit. 

Fig. 428ta), and to introduce enough voltage C 2 in the plate circuit to 
]>rodu(*e silence in the telephones or null detector at the plate. The 
ratio of the two voltages is the amplilication factor. 




(259) 


In the voltage-ratio method, the voltage sources must be properly 
phased and adjustable. This is accomplished best hy using two similar 
transformers connected to a common source e and by following each 
transformer with a low-resistance adjustable attenuator. Fig. 429. 

In the resistance-ratio method for determining the amplification 
factor, the voltage sources ei and €2 of Fig. 428(a) are replaced by 
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voltage-dropping resistors Ri and /? 2 , Fig. 428 ( 6 ), across which is con¬ 
nected the low-frequency voltage e. When the resistor /?2 is adjusted 
to produce silence in the telephones, the a-c voltage drop iR 2 across 
it is equal to that in the plate circuit of the tube due to the voltage iRi 
applied to its grid. Hence, by the equivalent plate-circuit theorem, 
stated in Sec. 314, 

fi?2 = iJ>iRiy 


or 



( 200 ) 


The resistors Ri and R 2 should be as small as possible so that the d-c 
voltage drop across R 2 ^11 be small. 


Note: For the sake of clearness, the direct voltapje and current sources 
and the means for measuring and controlling them have l)<*en omitted in Fig. 
428 and in those remaining figures where these circuit elements are not piTtimuit 
to the point under discussion. 

Because of the use of alternating current, any high-resistance 
potential divider, used to vary the grid voltage, must be shunted by a 



(a) Resistance-bridfire method (6) Voltage-ratio method 

Fig. 430. —Dynamic mcaaui emeiit of plate lesistance. 

capacitor of at least 1 /if capacitance. The telephones should be of 
low d-c resistance or be shunted by a low-resistance choke coil so that 
the d-c voltage across them, due to the steady plate current, is small. 

Plate resistance may be measured in the manner shown in Fig. 
430(a). This is merely an alternating-current Wheatstone-bridge 
circuit, in one arm of which the plate circuit of the tube is connected. 
As in Fig. 428(6), resistor R 2 should be as small as possible, and the 
telephones should be shunted by a low-resistance choke coil, in order 
to keep the d-c voltage across them small. When the bridge is 
balanced by adjusting 7?2, 


R2R3 

“ ~r V' 


( 261 ) 


In order to cover a wide range of values, resistor R^ should be adjust¬ 
able by factors of 10. 
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The voltage-ratio method for measuring plate resistance is shown 
in Fig. 430(b), where the voltage sources ei and are obtained as 
indicated in Fig. 429. The plate resistance is 

rp = ^ Ri. (262) 

Grid-plate transconductance may be measured by any of the 
three methods showm in Fig. 431. The simple arrangement of Fig. 
431 (o) is due to C. B. Aiken and J. F. B(41. Since at the null condition 
the voltage drop across R must be equal to the voltage applied to the 
grid (ipR = c„), the transconductance {gm = ip/cg) is measured by 
the reciprocal of R, 



(o) (6) (c) 


Fig. 431.—Dynamic inoasiircmont of Kri<l-i)late transconduotance. 

In tho v()liap:e-rali(> method of Fig. 431(/d, tlie grid-plate trans- 
eoiuluetanee becomes 

Sr™ = 7 i (204) 

if 7t*« is large compared to the resistaiKM' of the voltage source Co. 

In the resistance-ratio method, Fig. 431 (r), the grid-plate trans¬ 
conductance is 

('+?)• 

and tliis expression reduces to 

"" Rjfs 

when tho plate resistance of the tu]>e is much larger than 7?3. 

In this discussion of the measurement of dynamic characteristics, 
no consideration lias betm gi\Tn to the effect of grid current and of 
capacitance between the electrodes of the tube. Some methods for 
taking account of these effects have been described by Chaffee.' 

1 Chaffer^ K. L., “Theory of Thermionic Vacuum Tubes,” Chap. IX, 
McGraw-Hill Book CCompany. Inc., 1933. 
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In the voltage-ratio methods, the out-of-phase component due to 
electrode and wiring capacitance is usually balanced out simply by 
providing a third voltage source and connecting it (with a variable 
capacitor in series) directly across the null detector. 

In general, the advantage of the resistance-ratio methods is the 
ready availability of components in the usual laboratory. The 
advantage of the voltage-ratio method is its greater flexibility; since 
the a-c voltage sources may be insulated from each other, the d-c 
power sources may all be grounded at the cathode and the phasing 
voltage always may be connected directly across the null detector. 

313. Three-electrode Receiving Tubes. —A large number of types 
of three-electrode tubes are now in use. Th(\v differ ac(*ording to their 
use as amplifiers, detectors, and oscillators, at radio or audio fre¬ 
quencies, and in respect to tlieir power output. In addition, as the 
ait has developed, the tyjie of the power siq)ply has (*aused th(‘ type of 
cathode to change. The space requirements in present-day compact 
receivers have reduced the over-all dimensions of the tubes, d(»crease(l 
the spacing of the eh'ctrode structures, and caused the devc'lopment 
of the multielectrode tubes described in Se(‘. 321. The envelope of the 
tube may be of either glass or metal.^ 

All of the recent small tubes have oxide-coated cathodes, Iiecause 
of the greater efficiency of this type of emi1t(*r, as (‘xplained in Sec. 299. 
Those intended for operation through a transformi'r from an alter¬ 
nating-current supply usually have a separate^ oxidewoated cathode 
heated by radiation from an internal insulated filament. This type of 
construction avoids almost all the (iO-cycle voltage introduced into 
the plate circuit by filamentary cathodes and allows tubes requiring 
different grid-bias voltages to be operat(*d from a common filament 
transformer and plate supply (see Se(*. 314). Th^ fact that the 
cathode is an equipotential surface somewhat improves the operating 
characteristics, while the large surface aiea of the catlaxh* increases 
the transconductance. Tubes having large output and intended 
to be used in the last stage of an amplifier for operating a loud-si)eaker 
still have the older filamentary cathode. A great (u* outi)ut can be 
obtained from a directly heated filament than from the heater type 
for equal input power, and a moderate amount of alternating-current 
hum in the plate circuit is not objectionable. The shape and dimen¬ 
sions of the filament are chosen so as to minimize the alternating- 
current hum. 

complete description of tubes with their electrical and constructional 
characteristics will be found in the tube handbooks of the various tube 
manufacturers. 
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314. Amplification. —Since the amplification factor fx of a three- 
electrode tube is considerably greater than unity, the tube may be used 
to amplify small voltages. Figure 432(a) shows a tube having a 
steady potential Eh connected in the plate circuit and another steady 
potential Ec in the grid circuit. Ee gives the grid a negative potential 
with respect to the cathode. These voltages give a definite (luiescent 



point Q on the plate-curr(‘nt grid-voltage characteristic, Fig. 433. 
Now let a small alternating voltage be introduced in the grid cir¬ 
cuit. This variation of grid voltage produces a variation of plate cur¬ 
rent. The actual plate current may be dc^termined by projecting the Cg 
sinusoid vertically on the IjrEg curve. Thus, an alternating current 
ip, superposed on the steady ))late current, is produced in the plate 
circuit. This current may he considen^d as being produced by a 
voltage acting through the 
constant plate resistan(‘e and 
the impedance Z of tlie load. 

The ecpiivalence of Cp and ^iCg is 
now referred to as the ecjuivalent 
plate-circuit theorem. Its rigor¬ 
ous proof and that of its counter¬ 
part, the equivalent grid-circuit 
theorem, have been given by 
Chaffee.' 

The steady voltages and cur¬ 
rents in the jdate and grid 
circuits liave no effect in deter¬ 
mining the alternating voltages 
and currents, except insofar as 
they define the portions of the static characteristics over which the 
tube operates. For distortionless reproduction, the voltages Ec and 
Eb should be chosen so that the alternating emf is operating on the 
straight part of the characteristic, Fig. 433, and, where i?c is negative, 
so that the grid (‘urrent Ig is zero. 

' Chaffer, K. L., “Theory of Thermionic Vacuum Tubes,” Chap. VIII. 




Ep 



Flo. 433.—Amplification characteristics of 
vacuum tube. 
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The grid bias Ec may be obtained \vithout the use of a grid battery 
by placing a resistor P in the cathode circuit, Fig. 432(6). The voltage 
drop produced in this resistor by the steady plate current ip provides 
the negative bias Ec for the grid. The effective plate voltage is 
decreased by the same amount. The capacitor C by-passes the alter¬ 
nating component of current. 

When the capacitor C is omitted, an alternating voltage drop also 
appears across P and hence in the grid-cathode circuit, opposite in 
phase to the input voltage c,, A\hen the load is resistive. This voltage 
reduces the over-all amplification of the amplifier, and the effect is 
called degeneration. The net gain is more nearly independent of 
variations in the characteristics of the tube. Degeneration is much 
used in high-gain multistage amplifiers. 

316. D 3 ^amic Characteristics.—The construction used in Fig. 433 
for obtaining the a-c plate current ip is correct only for no-load in the 



0 60 100 160 £;^200 300 360 400 

Pp-Volts 

I IG 434 Opeiatioii on plate-cuireiit plaio-voltaKO (liaia< tcnstif 

plate circuit. For a resistance load 7f, the curve on which the sinu¬ 
soidal grid voltage eg must be projected lies below the static character¬ 
istic by an amount dependent on the ratio of this resistance R to the 
plate resistance Vp, This curve is one of a family of dynamic character¬ 
istics for the tube, w^hich, however, vaiy with the load. For this 
reason it is simpler to use the Ip-Ep characteristic of Fig. 426, on 
which the load resistance may be easily represented. 
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Let the load have a d-c resistance Rh and an a-c resistance Rb. Of 
the plate voltage Eh, a part Eh-Ep is lost as a voltage drop across the 
load, leaving the voltage Ep to be applied to the plate of the tube. 
As shown in Fig. 434, a straight line through Eh, making an angle with 
the vertical whose tangent is Rh, is the direct-current I-E character¬ 
istic of the load. Its intersection with the Ip-Ep curve for the grid- 
bias voltage Eg determines the plate current Ip and the quiescent point 
Q. When a voltage Cg is applied to the grid, a voltage ep = tiey may 
be considered to appear in the plate circuit by virtue of the equivalent 
plate-circuit theorem. 'J^he alternating-current I-E characteristic of 
the load is a straight line through Q making an angle with the vertical 
whose tangent is Rh. It is the path of the operating point, and its 
intersections with the various constant-^,, curve's determine the simul¬ 
taneous values of instantaneous plate current and plate voltage. For 
the chosen \aliie of c,, in Fig. t34, the path of operation is pQn. 

For a load of nc'gligible d-c resistance, Ep = Eh, and the quiescent 
point is directly above Eh^ For a reactive load, the path of operation is 
an ellipse passing around the quiescent i)oint. 

316. Power and Efficiency. —The power drawn from the battery 
is Ehlp, which is equal to the area of the rectangle EhmlpO^ Fig. 434. 
Of this total power, the part {Eh — Ep)lp, or the rectangle EhmQEp, is 
lost in the d-c resistance of the load, leaving the power Epip, or the 
rectangle EpQIpO, to be applied to tlie tube. The a-c pow^r output is 
} or the triangle Qqp. These areas are shown shaded in Fig. 434. 
The ratio of output to input j>ower is the efficiency of the tube in con¬ 
verting d-c pow'er to a-c pow er. It never can exceed 50 per cent and is 
generally less than 25 per cent, because for freedom from distortion the 
grid must not be allowed to swing positive. 

The power output may be increased by allowing the grid to swing 
positive, extending th(» operating path beyond the point p in Fig. 434. 
Also, the grid may swing more negative, so that the plate current is 
reduced to zero at one point in its cycle. In the extreme case, the 
(piiescent point may be shifted down to the Ep axis and the instantane¬ 
ous plate current kept at zero for a half-cycle or even more. In all 
these cases, the plate current is distorted, and harmonics are intro¬ 
duced. The effect of this on the output voltage may be reduced by 
the use of a parallel tuned circuit as a load or by using two tubes in a 
push-pull arrangement, Fig. 435. Because of the symmetrical con¬ 
nections of the tubes with respect to the positive and negative values of 
the impressed voltage, all even harmonics are suppressed. 

Letters have been assigned to the various types of amplification 
just described. Class A amplification refers to the distortionless 
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operation where the grid never swings positive and the plate current is 
never zero. In class B amplification, the quiescent point is placed on 
the Ep axis, the tube is l)iased to cutoff, and the grid is allowed to swing 
somewhat positive. In class C amplification, the grid bias is placed 
beyond cutoff, and the operating path is as long as possible. The 
efficiency of class B operation may reach 50 per cent, with a maximum 



bi(j. 435.— rush-j)iill . 


of 80 per cent for class C. Intermediate classes are indicated l)y the 
symbols A', AB, and BC. 

317. Voltage Amplification. —The i*atio of the voltage across the 
load to that applied to the grid is always less than the amidification 
factor M of the tube and approaches that (juantity as the load resistance 
lih in made large compared \\ ith the plate resistance Vp, 


, _ R, ^ 1 

^ Hu + r,/ 1 + {rjliu) 


(267) 


Making Rb= Tpj however, reduces the gain only to } The voltage 
drop in the load due to the d-c plate current makes it necessary to pro- 



Fi<^. 430. ~ J{osistan(*e-roui>le(l amplific^i. 


vide a large plate-battery voltage, but the amplification is inde¬ 
pendent of frequency over a wide range. 

A greater voltage amplification than can be obtained with a single 
tube is made possible by applying the output of the first tube to the 
grid of a second tube. For a resistance load in the plate circuit of 
the first tube, the connections shown in Fig. 430 may be used. The 
capacitors isolate the tube from the effects of d-c voltages. The 
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frequency range is determined at the low-frequency end by the ratio 
of the reactances of these capacitors to the resistances in the grid 
circuits, and at the high-frequency end by the ratio of the capacitive 
reactance from each plate to cathode to the plate-load resistance. 
The voltage amplification of such an amplifier should be about 40 
over the frequency range from 25 cycles to 50 kc. By using pentodes, 
the voltage amplification can be increased tenfold. 

Because of the high resistance of the grid circuit of a vacuum tube, 
a step-up transformer may be used as the plate load to make con¬ 
nection to the next tube. The characteristics of audio-frequency 



Fig. 437.—Traubfornior-coupled amplifier. 


transformers having laminated iron cores are su(‘h that, to obtain a rea¬ 
sonably constant voltage step-up ratio over the audio-frequency range 
from 50 cycles to 10 kc, this ratio is not greater than 3. It may be 
increas(‘d to 6 or 10 with a corresponding induction of frequency range. 
The transformer may be tuned to a single frecpiencjy, and a voltage 
gain of at least 50 obtained. The connections for a two-stage trans- 
former-coupled amplifier are shown in Fig. 437. Its voltage gain 
should be about 1,500 over the frequency range from 100 cycles to 7 kc. 

The voltage gain that may be obtained in a multistage amplifier 
is determined by the coupling between output and input. This is 
usually due to the impedances in the plate 
supply, which are common to all tubes. The 
greatly amplified plate current of the last tube 
produces a voltage drop across these imped¬ 
ances which is thereby introduced into the plate 
circuits of the preceding tubes. This produces 
degeneration (Sec. 314), Avhen there is an even 
number of stages, and regeneration and self¬ 
oscillation (Sec. 322) Avhen there is an odd 
number of stages. It occurs most frequently 
in a-c-operated amplifiers and is reduced by shunting all common 
impedances with by-pass capacitors and filters. 

The voltage gain obtainable in a single stage is limited by the 
magnitude of the capacitances between the electrodes of the tube. 
There are three capacitances, arranged as in Fig. 438. Of these, the 
grid-to-plate capacitance Cgp is the only one that transfers energy 
between the grid and plate circuits and produces regeneration and 


Cgp 



Fig. 438.—Capacitances 
in triode. 
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oscillation. In triodcs its value is between 1.2 and 8 /i/zf. The other 
two enter mainly into the determination of the input and output 
impedances of the tube at hi^h frequencies. Their values lie between 
1 and 4 The existence of a grid-to-plate capacitance of the mag¬ 
nitude given limits the voltage gain per stage to perhaps 100 at audio 



Hazeltme*8 Method Rice’s Method 

Fig. 439.—Neutralization of giid-plate capacitance. 


frequencies ami to 5 to 10 at radio frequencies. In tetrodes and 
pentodes, the grid-to-plate capa(*itance C^j, is reduced to less than 
0.02 g/if, and the regenerative effect is negligible. 

The effect of the* capacitance in producing regeneration may be 



Fig. 440.—Mcasuicrn on t of voltage 
amplification. 


neutralized by the introduction of 
a capacitor, so connected that it 
introdiK’es an equal and opposite 
voltage in the grid circuit. Two 
methods are shown in Fig. 430. 
Hazeltine’s method was used exten¬ 
sively prior to the introduction of 
the screen-grid tube (Sec. 319) in 
radio receivers having multistage 
radio amplifiers and called nevtro- 
dynes. Other methods are dis¬ 
cussed by Chaffee.^ None of the 
methods is entirely satisfactory 
because the neutralization cannot 


be maintained over a Avide frequency band Avithout adjustment. 


318. Measurement of Voltage Amplification.—The* voltage amplification of a 
single stage consisting of a tube and transfoimer may be iru'asured in the same 
manner as described in Sec. 312 for the determination of the amplification factor 
of a tube alone. Since the transformer will introduce a considerable phase shift 
in the output voltage, a suitable mutual inductance M is introduced in the plate 
circuit, Fig. 440. The voltage amplification of the stage is 



Ri + 


( 268 ) 


^ Chaffee, E. L., “Theory of Thermionic Vacuum Tubes,’’ Chap. XVIII. 
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To obtain the correct value of voltage gain for a positive grid bias, a second tube 
should be connected across the transformer secondary with its grid biased in the 
same manner as the first tube. This addition's ilso desirable in order that the 
transformer secondary may have coniioetod across it the input capacitance of a 
tube. 

This method may be used also for measuring the voltage gain of a transformer 
alone. 

For covering a wide frequency range or for measuring the large voltage gain 
of a multistage amplifier, the use' of calibrated attenuators, voltage dividers, or 
microvolters is preferable. However, these methods do not show the phase shift 
in the output voltage. 

319. Four-electrode Tubes. —Four-ele(*-trode tubes, or tetrodes^ 
generally have two grids in addition to a cathode and plate. Of the 
two grids, one surrounding the other, either may be the control gi-id 



Fio. 441. Tetrodes. 


while the other may be (‘onnected to cither cathode or plate through a 
suitable battery and st'rve merely to modify the characteristics that 
the tube would have as a triode, if this gi'id were absent. The two 
tyi)es of connections that are of importance, space-charge grid and 
screen grid, are shown in Fig. 441. 

In the space-charge-grid tetrode, Fig. 441(a), the two grids are of 
similar construction, and the outer one is the contnjl grid. The inner 
grid is made positive with respect to the cathode and serves to decrease 
the space charge in the neighborhood of the (jontrol grid. This 
increases the grid-plate transconductaiiee of the tube three to four 
times over the value that could be obtained without it, but with the 
same spacing of cathode, control grid, and plate. This increase is 
not a real gain, because much the same increase in grid-plate trans¬ 
conductance can be obtained with closer spacing of the outer electrodes 
when a large-diameter separate-heater cathode is used. For this 
reason this type of connection is used only in low-grid-current tubes, 
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such as the FP-54 and RH-507, where it serves to prevent the positive 
ions emitted from the cathode from reaching the control grid. 

The screen-grid tetrode, Fig. 441(6), was developed to decrease 
to a negligible amount the grid-to-plate capacitance. The first grid 
is the control grid, and the second grid is built so that it almost sur¬ 
rounds the plate. Because of the almost complete shielding thus 
obtained, the capacitance Cgp can be made as small as 0.005 )Lt/xf. 



Although the other interelectrode capacitances are incieased two to 
three times, the operation of the screen-grid tetrode at radio frequencies 
allows voltage gains of 25 to 50 per stage to be realized. 

The plate-current plate-voltage characteristics of a screen-grid 
tube are shown in Fig. 442. For plate voltages greater than the 
screen-grid voltage, the slope of these curves is small so that the plate 
resistance is very high, being in the hundreds of kilohms. The ampli¬ 
fication factor is in the hundreds, for the grid-plate transconductance 
is about 1,000 micromhos. Large values of plate resistance and 
amplification factor characterize all screen-grid tubes. When used 
with plate loads having a very high a-c resistance but a low d-c resist- 
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ance, such as may be obtained from parallel tuned circuits, more than 
half the amplification factor of the tube may be realized at moderate 
frequencies. The power output is small, for the operating path must 
not be allowed to extend into the region where the plate voltage is less 
than the screen-grid voltage. 

In the region where the plate is negative with respect to the screen 
grid, the emission of secondary electrons (see Sec. 297, p. 506) from the 
plate, produced by the primary electrons from the cathode, causes 
the plate current to decrease rapidly and to have a negative slope over 
a small range of plate voltage. In this region the plate resistance is 
negative, as in a carbon arc. When the tube is operated in this 
manner, it is called a dynatrorij and the region of negative resistance is 
referred to as the dynatron region. With a parallel tuned circuit con¬ 
nected between plate and cathode, oscillations will be produced with 
no further means for regeneration (see 8ec. 322), provided that the 
equivalent series resistance which represents the impedance of the tuned 
circuit at resonance is greater than the negative resistance of the 
tube. Secondary emission is greatly affected by the surface conditions 
of the plate. Hence the dynatron characteristics will vary greatly for 
different tubes and with age in the same tube. 

320. Five-electrode Tubes. —The dynatron region of a screen-grid 
tetrode may be eliminated by introducing a third grid between the 
screen grid and plate, connected 
directly to the cathode, as shown in 
Fig. 443. This is called a suppressor 
grid because, being always negative 
with respect to the plate, it causes all 
secondary electrons emitted by the 
plate to return to it. This tube is 
called a pentode. The screen grid can¬ 
not extend around the plate to shield 
it completely from the control grid, as 
in a screen-grid tetrode, for this would 
be likely to reduce the effectiveness of 
the suppressor grid. To keep the 
control-grid-to-plate capacitance small, extra shields are provided 
either within the glass envelope or external to it. In the latter case 
the bulb is so shaped as to allows the shield to come very near to the 
plate. 

The plate-current plate-voltage characteristics are shown in Fig. 
444. In pentodes designed for use in the intermediate stages of 
amplifiers, the slope of these curves is small and similar to that in 



Fiu. 443.-- Fivo-c*k*c*trodc tube oj 
l)critode. 
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screen-grid tetrodes. Plate resistances are about 1 megohm. Ampli¬ 
fication factors range from 600 to 6,000 for values of transconductancc 
of 650 to 9,000 micromhos. Pentodes for use in the output stage of 
audio amplifiers have plare resistances of 10 to 300 kilohms with 
amplification factors ranging from 100 to 700, 

The operating path extends dovm to low plate voltages and thus 
produces a large output. The amount of distortion existing in these 
tubes depends greatly on the i*esistance of the plate load and at best is 
much larger than that produced in a triode. For the best value of 
load, the distoi*tion is due mainly to a third harmonic, which cannot be 



eliminated by using the push-pull arrangement described in Sec. 316 
(p. 525). 

Plate-current plate-volt age characteristics with a much sharper 
knee are obtained in beam-power pentodes by shaping all the electrodes 
so that the electron stream from cathode to plate is confined to two 
beams pointed in opposite directions, each covering an angle of about 
60®. Beam-forming plates connected to the cathode replace the 
suppressor grid. The individual wires of the control and screen grid 
are aligned to provide an unobstructed path for the electron stream 
from cathode to plate. 

321. Multielectrode Tubes. —Many other combinations of elec¬ 
trodes have been arranged for tubes intended for special uses. Vari¬ 
able-amplification tubes called supercontrol amplifiers are designed to 
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reduce the effect of interfering signals, or cross talk. They ‘depend 
on the use of a control grid whose mesh is rot uniform over the length 
of the cathode. This increases the negative grid bias at which the 
plate current is reduced to zeio, thus decreasing the curvature of 
the plate-current grid-voltage characteristic and reducing distortion. 
This device is used only in tubes having a screen grid. 

Many types of multielectiode tubes have been designed to save 
space in radio receiving sets. Those which serve the functions of 
detector, or mixer, and oscillator are called converters. There are two 
types of dual amplifiers, one in which the units are connected to give 
a push-pull amplifier, the other in vhich the units are connected in 
cascade to give a two-stage amplifier. Some types include a pair of 
diodes in the same envelope with a triode or a pentode. 

322. Regeneration. —Tt is sliown in Sec 309 that in the amplifier 
any change of the voltage applied to the grid causes not only a change 
of current in the plate circuit Imt also a change of energy in the plate 
circuit. This change of energy is seveial times greater than the change 
of energy applied to the giid. If 
the proper phase relation between 
plate current and voltage in th(' 
grid circuit is obtained, it is possi¬ 
ble to feed a portion of this eiieigy 
of the plate circuit back into the 
grid circuit and, hence, reinfoice 
the effect of the grid. The grid, 
in turn, increases the plate cur¬ 
rent, which again leacts on the 
grid This feedback of energy is 44."> romuxtions for lo^ioKition 

^ With tuned jjiid (iifuit 

called regeneration. The connec¬ 
tions for one method of regeneration are shown in Fig. 445. An 
inductor Lg and a variable capacitor Cg are connected in parallel 
between the grid and the cathode. A coil L;,, having mutual induct¬ 
ance M with and connected in the plate circuit, serves to couple 
inductively the plate and grid circuits. 

An alternating voltage Cg inliodiiced into the tuned grid circuit 
produces a plate current ip in su(*h a phase that, if the polarity of Lp is 
eorrect, the voltage which ip induces in the tuned grid circuit is in 
phase with the original voltage Cg. The same effect may be produced 
by connecting in the plate circuit a similar tuned circuit consisting of 
inductance and capacitance in parallel. The interelectrode capaci¬ 
tance from grid to plate in the tube itself then is depended on for 
coupling between plate and grid circuits. If the grid circuit is not 
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tuned, as in an audio amplifier, the voltage induced back into the grid 
circuit is in quadrature with the impressed voltage and there is no 
regeneration. 

The effect of regeneration is to introduce a negative resistance 
into the tuned circuit. That is, this tuned circuit may now become 
a generator of energy, this energy being obtained from the plate or B 
battery. If the mutual inductance M between Lp and Lg be made 
sufficiently large, the total resistance of the tuned circuit may be 
reduced nearly to zero, where the limit of regeneration is reached. At 
this limit of regeneration, the a-c plate current is approximately 
constant and independent of the magnitude of the impressed voltage 
€y^ as w^ell as of that of the initial resistance of the tuned circuit; its 
value is determined only by the characteristics of the tube. In prac¬ 
tice, this maximum theoretical limit cannot be reached, since small 
disturbances, such as slight mechanical vibrations of the inductors, 
capacitors, and the tube itself, may cause the total resistance of the 
plate circuit to become negative momentarily and cause the tube to 
begin oscillating (see Sec. 323). 

The maximum attainal)le plate current thus is not constant but 
varies directly with the magnitude of the impressed voltage, if the 
voltage is small, and inversely with the n^sistance of the tuned circuit, 
if the voltage is large. 


OSCILLATORS 

323. Oscillation.—When the mutual inductance between plate 
and grid circuits is increased to such a value that the resistance of the 
tuned circuit becomes zero or negative, sustained oscillations, inde¬ 
pendent of the voltage Fig. 445, impressed on the giid, are set up 
in the system. In fact, the impressed voltage may be removed 
entirely without aft'ecting the oscillations. These sustained oscillations 
will start even in the absence of any impressed voltage. Slight 
mechani(ial disturbances to parts of the system (sec Sec. 322) or small 
electrical disturbances such as occur when the plate eircuit is closed, 
are sufficient to start the tube oscillating. Under these conditions, the 
tube is said to be an oscillator. It behaves like an a-c generator, con¬ 
verting the energy of the plate battery into a-c energy in the tuned 
circuit. The frequency of the alternating current generated is prac¬ 
tically equal to the natural frequency of the tuned circuit 

^ ~ 2jr y/ir~C’ 

where L (henrys) and C (farads) are the inductance and capacitance 
of the tuned circuit. 
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The type of oscillating circuit in which the tuned circuit is con¬ 
nected to the grid, Fig. 445, is that used in most receivers in which 
oscillating tubes are used, such as continuous-wave, carrier-frequency, 
and superheterodyne receivers. 

As far as sustained oscillations are con¬ 
cerned, the tuned circuit, frequently called 
the tank circuit, may be placed equally well 
in the plate circuit. Fig. 446, the tuned 
circuit being inductively coupled to the grid 
by the mutual inductance Af. This type 
of circuit is used in most power oscillators 
where the tube acts as an a-c generator. 

The grid bias may be obtained from a grid leak and grid capacitor in 
parallel, as described in Sec. 329 (p. 546). The resistance R represents 
the total resistance in the tuned circuit, including the eciuivalent resist¬ 
ance of the load, such as the equivalent antenna resistan(*.e. 

The tuned circuit LpCj^ is at plate potential above ground. In 
order to bring it to ground potential for direct connection to an 




antenna and for safe operation generally, the parallel-feed connection 
of Fig. 447 is used. Ct is a large blocking capacitor, which prevents 
the tuned circuit from short-circuiting the plate battery Eh. Lh is a 
radio-frequency choke coil, which keeps radio-frequency current out 
of the plate battery. 

Other circuits frequently used are shown in Fig. 448. The Hartley 
circuit is simple to construct because the inductance used in the tuned 
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circuit is a single coil with one intermediate tap. The Colpitts circuit 
is the most difficult to construct because the two capacitors Cp and Cg 
should be geared together. Its advantage is that a low-impedance 
path to the cathode is provided for tlie harmonics of both plate and 
grid currents. Its output voltage has less distortion than any of the 
other circuits. 

In all oscillators the ratio of grid voltage to jdate voltage is determined by 
the coupling provided betweem grid and plate external to the tube. For the tun(*d- 
plate connection of Fig. 446, 



where L„ and Lp are the self-inductances of grid and plate coils, M is their mutual 
inductance, and K is their cocflicient of coupling. and Tp are the turns in the 
grid and plate coils 

Similarly for the tuiu'd-grid connection of Fig. 445, 


= i \lLii = ^ Li 
Cp K K Tp 


(271) 


44ie path of the operating point is best shown on (he grid-voltage plate-voltuge 
diagram, Fig. 427, for on tliis plot it is a straight line. In Fig. 449 the position 



Fig. 449.—Operation on plato-voltago grid-voltage characteristic. 


of the quiescent point Q is determined by the plate voltage Ep and the grid voltage 
—Eg. The path of operation is a straight line Qp through Qj whose slope is the 
reciprocal of the swing ratio Cg/cp. The oscillations build up in the tube along this 



ELECTRON TUBES 


537 


operating path until the losses inside the tube at plate and grid, and outside the 
tube in the tuned circuit, equal the d-c power input. The relations between the 
operating path and the constant plate-current curves shown give an indication of 
the shape of the plate-current wave form. The curves bend sharply as they 
approach the ^^-axis and then rise slightly. This rise is due to the increase in grid 
current in this region as shown by the grid-current contours. The total ennssion 
from the cathode is used to sui)pl> these two currents, and the tube no longer 
operates at space-charge saturation. 

The locus of the points of maximum curvature of the plate-current contours is 
approximately a straight line OP through the origin, whose properties were first 
studied by Prince.^ Placing the quiescent point Q on the zero plate-current curve 
and the lower end of the operating path on the Prince line OP^ the plate current is 
a succession of half sinusoids, whose average or d-c value Ip and a-c fundamental 
component Ip are 

Ip = ?jj = 0.31 T/*p, 

TT 


I, 



0.353jp. 


(272) 


’I’hp peak-voltiiRP swiii);; fp and the a-c fundiiincntal plate currojit Ip together 
determine the resistaiiee Up of the plate load, into which the tube must work. 



Cp — \/~h I pRp 

(273) 

The d-c power input ll\ and the 

a-c power output Ibp are 



ir, = 

\Vp - J^,Rp. 

(274) 

Their ratio is the efficiency 77 



ir, 

” = ir, = 

llUp =0.78,'-,f"- 

lilpip 4 Lp Lp 

(275) 

Since the loa<l resistance Rp is related to the seiies resistance R of the tuned 

circuit 

by the expression 

|> 

~ Cpii' 

(276) 


the magnitude of the ohcillatory current is 

/ = Ip - Ip = Q^Ip, (277) 

since LpCpoI^ = 1 for th(' tuned circuit (Sec. 25, p. 45). Storage factor Q is the 
ratio of the reactance of either branch of tin* tuned circuit to its total resistance. 

These equations hold for all operating paths ending above the Prince line OP, 
When the path extends below this line, the plate-current wave form is at first 
flattened at its top and then becomes dimpled and the grid current increases slowly 
at first and then rapidly. Thes(* effects decn^ase the a-c current component, the 
output, and the efficiency, in spite of the increase in the plate swing Cp, The 

'Prince, D. (\, “Vacuum Tubes as Power Oscillators,’' Proc, IREj Voi. 11, 
pp. 275, 405, 527, 1923. 
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same quantities also decrease when the path ends above the Prince line and henco 
have their maxima somewhat below this line. Increasing the swing ratio increases 
the output at the expense of efficiency. A limit to this increase occurs when the 
loss in the tube raises the temperature of the plate to its safe limit (see Sec. 324). 
The efficiency then will be less than 50 per cent. On the other hand, the swing 
ratio must always be greater than the reciprocal of the amplification factor in 
order that there may be any a-c plate current. The minimum value of their ratio 
is about 2, at which point the efficiency may reach 70 per cent. 

For every point p defining the end of the path of operation there correspond 
values of a-c fundamental plate current a-c power output 11 ';,, efficiency 17 , 
and the other quantities defined by (272) to (277). "DK'y may be represented by 
contour lines on the plate-voltage grid-voltage plane. Chaffee^ has determined 
the shape of these contours by both a dynamic method and direct measurements 
on an oscillating tube. 

The position of the quiescent point just discussed is for a class B amplifier (see 
Sec. 316). Placing tlie quiescent point within the region where plate current 
exists decreases the output and efhck'ncy and makes the op(*ration of the tube* 
approach that of a class A amplifier. When the grid bias is made still more 
negative, plate' current Hows for only a small part of a half-cycle, which is the 
condition specified for a class C amplifier. Ihider these conditions the maximum 
efficiency attainable is increased somewhat and is associated with outputs 
approaching the maximum allowed by the heating of the plate. 

The frequency stability of an oscillator, tliat is, its ind(‘pendence of the plate 
resistance of the tube and the various battery voltages, is best for the class 
operation just described, for energy is fed to ihv turn'd circ'uit lor only a short 
portion of the cycle. The swing ratio is very large, as is also the negative bias. 
This condition is most easily attained in a tuned'-grid oscillator, as (271) indicat(‘s. 

324. Power Tubes. —Most of the tubes desif^ned for use in receiv¬ 
ing sets will function as oscillators having power outputs up to sevend 
watts. Tubes with greater outputs for use in broadcast transmitters 
and industrial applications differ from the receiving tubes by being 
larger in size and by being able to dissii>ate larger power losses from 
their plates. All metal parts are heated during the pumping process, 
either by electron bombardment or in a high-fre(iueney birnaee, to as 
high a temperature as practicable, to drive out the occluded gases. 
The tube then may be operated almost up to that temperature without 
any further evolution of gas. Since most of the power developed in 
the tube must be dissipated by radiation, unless the tube is cooled by 
auxiliary means, the rating of the tube may be increased by blackening 
the plate and by the addition of cooling fins. When the power loss is 
greater than 1 kw, the plate is made the outer part of the tube and is 
water-cooled. The largest tubes now constructed have outputs of 
100 kw. The cathodes of most power tubes are thoriated-tungsten 

^ Chaffee, E. L., and O. N. Kimball, “A Method of Determining the Operat¬ 
ing Characteristics of a Power Oscillator,^’ Jour. Franklin Inst., Vol. 221 , pp. 
237-249, 1936. 
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filaments, for oxide-coated cathodes cannot withstand the positive-ion 
bombardment produced by high plate voltage. For the same reason, 
pure tungsten is used in the largest tubes. 

MODULATION 

325. Modulation. —Electrical communication over wires in its 
simplest form employs alternating currents of audio frequencies only, 
either singly or in combination. These currents may be amplified 



(d) Unmodulated carrier wave 




Envelope 

(6) Aniplitude*modulated carrier wave 





(c) Frequency-modulated wave 
Fig. 450—(^arrier cm rent 


(see Sec. 314), but only a single communication can be conducted over a 
single effective circuit at one time. In order to open new channels of 
communication over any given effective A\ire circuit, carrier wire 
telephony and wire telegraphy are employed. Alternating currents 
having superaudio frequencies (3 to 10,000 kc per sec^ are used as 
carriers or vehicles for the audio-frequency currents. In radio- 
telephony and radiotelegraphy, electromagnetic waves are used as 
carriers having frequencies of 10 to 500,0(K) kc per sec. Of themselves, 
these superaudio frequencies cannot transmit signals, being, for the 
most part, beyond the range of audibility, and they can transmit only 
small amounts of power. By the superposition of audio-frequency 
currents on these carrier currents, however, it is possible to transmit 

^ The ear may be sensitive to frequencies as high as 15 kc per sec, but most 
conversational frequencies do not exceed 2 5 kc per sec. 
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several messages simultaneously over a given effective communication 
circuit. The superposition of an audio-frequency current on a carrier- 
frequency current is called modulation. 

The unmodulated carrier-freciuency current is characterized by 
the constancy of its amplitude, by the constancy of its frequency, and 
by its continuity with time—that is, it is not interrupted. If any one 
of these constant (*haracteristics be interfered with in a maimer propor¬ 
tional to an audio or signal frequency, the carrier will bo modulated. 
There can be then tliree tyi)es of modulation, called amplitude modula¬ 
tion, fi*e(iuency modulation, and pulse modulation. 

Figure 150(a) shows an unmodulated carrier current of constant 
amplitude A and constant frequency a. If the amplitude is caused to 
vary by an amount B proportional to the amplitude of a low-frequency 
signal and at a rate proportional to the frcHpiency b of the signal, the 
carrier will be amplitude-modulated and a plot of its amjditude with 
time will be as indicated in Fig. I50(/>). '^riie superposed low-frequency 
current is the envelo])e of both the positive and negative peaks of the 
modulal(*d cai*i‘i(‘r current. 

If the carrier am])litude .1 is maintained at a constant level but the 
carrier fretpiency a is caus(‘(l to vary by an amount if Ar; proportional 
to the amplitude of a low-fre<iuency signal and at a rate proportional 
to the frecpiency b of the signal, the carrier will be frecpiency-modulated 
as dej)icted in Fig. 450(c). 

326. Amplitude Modulation.—When the low-frecpiency, or audio- 
frecpiency, signal is a sinusoid of fre(]uency the matlu'matical expres¬ 
sion for the amplitude modulated current is 

i = A(\ + rn sin 2Trbi) sin 2x0/, (278) 

where m is the (h'gn^e of modulation, being the ratio of am])litudes 
of audio and carrier currents 


m = Y (279) 

It may be shown that the modulated carrier current, Fig. 450(5), 
actually consists of thixM' sinusoidal curnmts, one having the frequency 
a, th(* fr(Miuen(‘y of the original carrier current; another having a 
frecpiency a — 6, the difference Indween the carrier frequency and the 
audio freipiency; and a thir<l having a frequency a + 6, the sum of 
the cai*ri('r frequency and tlie audio frecpiency 14ie frecpiencies a + b 
and a — b are called side frequencies. This is illustrated in Fig. 451, 
which shows a jiortion of the frequency spectrum, the abscissas being 
frecpiencies and the ordinates being the amplitudes of the currents. 
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The amplitudes of these three currents are directly related to the 
amplitudes of the carrier- and audio-frequency currents of Fig. ^50 
as shown by the ordinates of Fig. 451. The degree of modulation is 
the ratio of the sum of the amplitudes of the two side frecpiencies to 
the amplitude of the carrier frequency. With the more complex 
nonsinusoidal audio-frequency currents, such as would be produced 
by the voice, the resultant modulated current is quite' complex and the 
side freeiuencies Aviden out into side hands. The can-ier freciuency, 
however, is always sufficiently high so that the side-band frequencies 



I iG. 451. -licquencv hpeotiuiu. 



are in a relatively narrow band in tin* freepu'iicy spectrum, and all are 
transmitted essentially as a single freciuency. 

Amplitude modulation may Ix' accomplished in either the carrier 
oscillator circuit or some following amidificu- circuit. Whem consider¬ 
able power is to bc' transmittc'd and hence* efficien<*y is of economic 
importance, the carriei* (oscillator is unmodulated, its output is ampli¬ 
fied by high-efficiency class C amplifiers (whose sharp tuning would 
cause side-band clipping Avere the carrier modulated), and the modula¬ 
tion is introduced in the last amplifier stage. In low-power trans¬ 
mitters and in some signal generators, the oscillator is modulated. 

In one method for amplitude modulating an oscillator, a signal 
frequency, whose peak amplitude is but slightly less than the steady 
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plate voltage, is introduced in the oscillator plate circuit in series with 
the steady plate-supply voltage, Fig. 452(a). The output current in 
the tuned circuit then has an amplitude envelope, Fig. 450(5), propor¬ 
tional to the signal frequency. 

Another method for amplitude modulating an oscillator is called the 
Heising constant-current method. In this method, Fig. 452(6), the 
plate circuit of the modulator tube is in parallel with the oscillator 
tuned circuit and is supplied through a low-fre(iuency choke coil 
which maintains the current from the plate supply Et at practically a 
constant value. Hence the voltage across the two tubes is propor¬ 
tional to the plate resistance of the modulator tube, which in turn is 
proportional to the amplitude of the signal voltage. 

An amplifier may be amplitude-modulated by introducing a signal 
voltage of appropriate amplitude in any of the electrodes of the ampli- 


Amplificr 


Carrier 


Modulator 



Flu 


(a) Plate modulation (6) Grid modulation, 

. 45J1. Methods for amplitude modulatiiiK an amplifier. 


fier tube. Thus, there are screen-grid modulation, cathode modula¬ 
tion, suppressor modulation; l)ut the more usual methods are plate 
modulation and grid modulation where the signal voltage is inti’oduced 
in series with the plate or grid, Fig. 453. 

A class C amplifier with plate modulation may be adjusted to 
produce very little envelope distortion. The plate-supply voltage 
allowable for an unmodulated class C amplifier must be reduced by 
about one-half when the tube is to be modulatcid. 

Grid modulation introduces somewhat more distortion in class C 
amplifiers but docs not require as much exciter power. 

327. Frequency Modulation. —If the change in frequency Aa of a 
frequency-modulated wave were plotted against time, the result would 
be as indicated in Fig. 454, where the carrier is unmodulated in (a) 
and is frequency-modulated by signals of different amplitudes in (6) 
and (c). 

The current of the unmodulated wave is 

to = A sin 27 ra/, (280) 

and when the carrier frequency a is varied over a frequency excursion 
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Aa proportional to a signal amplitude B at a rate b (signal frequency), 
the expression for the frequency-modulated current is 

i = A sin + — sin 2Trbt^, (281) 

where the ratio Aa/b is the modulation index. 

In frequency-modulation broadcasting, the Federal Communica¬ 
tions Commission has ruled that the maximum permissible carrier- 



Time 

Picr. 454—1 lequetUN of a fiequ(Mu\\-modalatt‘(l wavt*. 


frequency deviation be 75 kc. This is somt'limes refern^d to as 100 
per cent modulation. 

The frequency-modulation frequeiny spectrum consists of the 
cential carrier Ireciuency and several side lr(*quf'n(*ies separated b 
cycles apart and extending Aa cycl(‘s or more eitlud* side of the center 
frequency. As the amplitude B of tlie audio signal is increased, the 
carri(‘r current and the sidt'-fiequeiicy cm rents wax and warn' in 
amplitude with ever-decreasing maxima and with definite minima or 
zeros. 

Oscillator Modulator 



IXct. 455.— I{c*a(*taiicc-tu!>e fiotiuoiu moilulutoi. 


A carrier-frecpieiicy oscillator may be frequency-modulated by 
connecting across its tuned circuit a reactance whose value is a function 
of a signal frequency. 

In Fig. 455, let the resistance If be large at the carrier frequency 
compared with the reactance of capacitor C. A current through RC 
due to the oscillator voltage then wdll be in phase with this voltage, 
and the voltage at C will be in quadrature, as will the plate current of 
the modulator. The plate current is a function of the signal voltage; 
consequently, the modulator supplies a quadrature current and 
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behaves as a reactance across the oscillator tuned circuit, and the value 
of this reactance and hence of the carrier frequency is dependent on 
the signal amplitude. 

In a second frequency-modulation method, modulation occurs in 
the amplifying circuits rather than in the oscillator circuit. As 
indicated in the block diagram of Fig. 456, the oscillator output is 
divided into two branches. In either branch, a 90° phase shift is 
introduced. In one branch, a balanced amplitude modulator, fed 
from the audio, or signal, source, produ(;es amplitude modulation with 
the central, or carrier, frequency suppressed. The n'maining side 
frecpiencies when c.ombined with the phase-shifted carrier frequency 
produce a current that is varying not only in amplitude but also in 
phase and hence in frequency. The amplitude modulation is removed 
in the subsequent stagcis. This method, d(ivised by Armstrong, has 



Fi<j. 450.—Ariiihlrontj mot hod of fiociuoiioy modulation. 


the advantage that, the center fretiuency may ])e obtained from a 
crystal-controlled oscillator. 


DETECTION 

A modulated high-frequency current, Fig. 450(?>), can have no 
effect on any ordinary sound-j)roducing device, since such a device is 
unable to respond to such high frequencies. Neithei* can this high- 
frcquen(*y current i)rodiice any effect on the liuman ear, for its fre¬ 
quency is far beyond audible frequencies. It is, therefoj-e, necessary 
to demodulate such currents in order that the receiving devices may 
be actuated by audio-friKpuaicy currents similar to those used for 
modulating. This process of demodulation is called detection. 

Amplitude modulation and frequen(*y modulation require radically 
different demodulation methods. 

328. Rectification with Two-electrode Tube. —Amplitude demodu¬ 
lation can be accomplished by any rectifying tube, such, for example, 
as the two-electrode tube. Fig. 457. tube will eliminate the nega¬ 

tive loops, Fig. 450(5), (p. 539), leaving a pulsating, unidirectional 
current, Fig. 458, made up of a unidirectional steady current, an audio- 
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frequency current, and a radio-frequency current. The unidirectional 
current and the audio-frequency current will flow through the tele¬ 
phones Ty Fig. 457, which will reproduce* in sound the initial audio¬ 
frequency current. The high-frequency component will be by-passed 
through the capacitor (7. 



Fig. 457.— Two-electi ode Fig. 45S.— Uortifiod caiiier wave, 

tube Ubcd ah detector. 


Although the two-electrode tube is a satisfactory rectifier, if is 
quite insensitive as a detector of low voltages. This may be seen in 
Fig. 460, where the current I for small values of voltage E is extremely 
small. This difficulty is overcome, in part, by inserting a positive 
polarizing voltage in series with the tube, Fig. 459. Thus, in Fig. 
460, the steady polarizing voltage 
Ep produces a steady current Ip in 
the tube circuit. Hence, an alter¬ 
nating emf e impressed on the tube 
is no longer perfectly rectified but 
produces an alternating current ip. 

Owing to the curvature of the char¬ 


acteristic, this current ip is dissym- 




Fkj. 459. Two-electrodo tube 
with polanzitiK voltage u.sod ab 
dotoctor. 


Fig. 


4G0. -Detoction witli ])ulai'izod 
t wo-cloctiodo tube. 


metrical, the positive current being larger than the negative current. 
The negative current is shown shaded. Henc(*, the average current 
is increased from Ip to 7^, and thus the existence of the impressed 
emf is detected. The change in current, is greater than 

the current that would flow for zero polarizing voltage and has its 
maximum value when the polarizing voltage corresponds to the point 
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of greatest curvature of the characteristic. When the impressed 
voltage is amplitude-modulated, this change in plate current will 
follow the variations of the modulating current. 

329. Detection with Three-electrode Tube with Polarized Grid.— 
The three-electrode tube will detect an amplitude-modulated carrier 

in a manner similar to the two-electrode 
tube with polarizing voltage, rectification 
depending on operating the ]bube at a point 
of curvature on its plate-current grid-volt- 
age characteristic. The connections for 
operating a tube as detector are shown in 
Fig. 461. The grid is polarized negatively, 
and the tube operates on a point of curva¬ 
ture of the Ip-Ef, characteristic. Fig. 462. As \\dth the two-electrode 
tube, a sinusoidal cmf e impressed on the grid produces an alternating 
(jurrent ip in the plate circuit, the reference axis of ip being Ip. Owing 
to the curvature of the characteristic, the negative portions of ip, shown 
shaded, are less in magnitude than the positive portions, and the 
average current increases from Ip 
to Ip. When the impressed voltage 
€ is amplitude-modulated, this 
change in plate current, Ip-Ip, will 
follow the variations of the modulat¬ 
ing current. The radio-frequency 
plate current ip is by-passed around 
the telephones through the capaci¬ 
tor C, Fig. 461. For maximum 
sensitivity, the polarizing voltage 
Eg should be such that detection 
occurs at the point of maximum 
curvature of the characteristic. 

This type of detection is much 
used in receivers having sufficient 
amplification ahead of the detector tube to supply a voltage large' 
enough to swing the grid almost to zero bias. Under these conditions 
the distortion introduced in the rectified current is a minimum. 

330. Detection with Three-electrode Tube with Grid Resistance.— 
The three-electrode tube also may detect an amplitude-modulated 
carrier in a manner that is quite different from the foregoing. The 
connections are shown in Fig. 463. A high resistance Rb of 1 to 5 
megohms is connected in series with and adjacent to the grid. This 
resistance is shunted by a small capacitor whose capacitance is 




Fig. 461.— Throo-clectrode 
tube with polarized grid used 
as detector. 
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between 60 and 200 ju/xf. The grid is polarized positively by the volt¬ 
age Eoj so that a current Ig flows in the grid circuit, Fig. 464. This 
current through the high resistance Rg produces a voltage drop 
so that the effective polarization of the grid is Eg — IgRg. The 
corresponding plate current is /p. 

An alternating voltage e in the grid 
circuit will produce an alternating 
current ig in the grid circuit, whose 
negative portions, shown shaded, 
are less in magnitude than its posi¬ 
tive portions. Hence, the average 
grid current is increased from Ig 
to This decreases the polari¬ 
zation of the grid from Eg — IgUg 
to Eg — IgRs. The alternating component ig is by-passed through the 
capacitor (7*. The average plate current is decreased from Ip to Ip 
with a superposed alternating current ip. With reference to Ip as 
an axis, the positive portions of ip arc less in magnitude than the nega¬ 
tive portions, shown shaded. When the impressed voltage e is modu- 



Fi«. 4G3.—Thrce-electrodo tube with 
Krid resistance used as detector. 



lated, this change in plate current Ip — /p, will follow the variations 
of the modulating current. The radio-frequency plate current ip is 
by-passed through the capacitor C, Fig. 463. 

The large curvature of the grid-current characteristic Ig, the 
large slope of the plate-current characteristic Ip, and the fact that the 
high resistan(5e Rs may be made very large, all combine to make this 
type of detection the most sensitive of the methods so far discussed. 
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Fig. 465.—Thrce-electrodo tube with 
grid resistance and regeneration used as 
detector. 


331 , Detection and Regeneration. —The two foregoing types of 
amplitude-modulation detection may be operated with a tuned circuit 
combined with regeneration, (see Sec. 322, p. 533). A very efficient 

circuit of this character, having 
a tuned grid circuit, grid resistor, 
and grid capacitor, is shown in 
Fig. 405. The incoming signal e 
is detected, and a portion of the 
resulting energy of the plate cir¬ 
cuit is fed back into the grid 
cinuiit through the coupling M. 
The capacitor Cp shunts the 
high-frequency currents around 
the telephone receivers T. 

332. Heterod 3 me, or Beat, Reception. —A hig]}-frequency alter¬ 
nating current may have its frequency a lowered by superposing on 
it a second current of somewhat lower or higher frequency a'. The 
resulting current may be shown to be similar to an amplitude-modu¬ 
lated current having an apparent frequency equal to the average of 
the two frequencies. Further, 
the amplitude envelope of this 
frequency has itself a frequency 
a — a' or a' — a, that is, the 
difference of the two impressed 
frequencies. Figure 4()G(a) 
shows the resulting current curve 
and the resulting amplitude 
envelope for the general case, 
that is, when the amplitudes of 
the two currents are uiuniual. 

Figure 4GG(6) shows the resulting 
current curve and the resulting 
amplitude envelope when the 
amplitudes of the two currents 
are equal. In neither case is the 




(&) Equal Amplitudes 
Fig. 406.—Beat-frequency envelopes. 


envelope sinusoidal, but the divergence is marked only when the two 
amplitudes are nearly equal. 

A tube operating on a nonlinear portion of its characteristic will 
separate the envelope frequency from the high frequency, thus giving 
a current having the envelope frequency of a — a' cycles per sec 
(see Sec. 326, p. 540). This frequency is called the beat frequency. 
The superposed frequency a' may be obtained from an oscillating 
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Sube, Fig. 467, whose grid circuit is inductively coupled to the grid 
circuit of the nonlinear mixer tube (whose function is described 
below) through the mutual inductance M\ This method of reception 
is called heterodyne reception or heat reception. 

In radiotelegraphy, where the high-frequency, or carrier, current is 
modulated by the dots and dashes of the IVIorse code, the frequency of 
the beat note is made so low as to be audible, and the dots and dashes 
are heard at that frequency. In radiotelephony (or broadcasting), 
where the high-frequency current is modulated by speech or music, 
the frequency of the beat note (that is, the amplitude envelope of the 
frequency a — a') is about 465 kc. 



Fig. 467 -Separate heteiodiiio leception. 


For example, if the incoming modulated frequency is 1,()()() kc 
and the superposed frequency is 1,465 kc, the beat frequency is 
1,465 - 1,000, or 465 kc. 

By means of the mixer tube. Fig. 467, this amplitude envelope of 
beat frequency is converted into a carrier-frequency current of this 
same beat frequency. This neAV carrier freciuency is called the inter¬ 
mediate frequency, and its current again must be demodulated, 
amplified, etc., in the ordinary manner. This is the principle of the 
superheterodyne receiver (Sec. 335). 

In the heterodyne method of reception just described, the tube that 
properly mixes two superposed frequencies to yield a new intermediate 
frequency, which is the sum or the difference of the two superposed 
frequencies, is termed a mixer. One of the two superposed frequencies 
may be modulated either in amplitude or in frequency, in which case 
the new sum or difference frequency is also modulated by the same 
percentage for amplitude modulation and by the same frequency 
deviation for frequency modulation. The term detector is used 
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more properly to describe a tube that breaks down an amplitude- 
modulated voltage into its components and yields a replica of the 
audio-frequency, or low-frequency, signal that was used to modulate 
the carrier. 

The functions of oscillator and mixer may be performed by the 
same tube. This method is called self-heterodyne or autodyne reception. 
The connections are identical with those of Fig. 465, with the omission 
of the grid polarizing battery. In the autodyne, the tube is already 
oscillating, which tends to increase its sensitivity; but this effect is 
frequently more than offset by the fact that the grid circuit is tuned 
to the frequency of the oscillating current and not to that of the incom¬ 
ing signal. If these frequencies differ by large amounts, further amp¬ 
lification is necessary to make autodyne reception equal to separate 
heterodyne reception. 

It is possible to detect a speech-modulated high-frequency current 
with either the separate-heterodyne or the autodyne method by mak¬ 
ing the beat note of zero frequency. This greatly increases the detect¬ 
ing action, but serious distortion is likely to he introduced because of 
the difficulty of maintaining a zero-beat frequency. 



Fig. 468.—A form of frequency-modulation discrimination. 


333. Frequency-modulation Discriminators.—A device that is 
nonlinear with respect to carrier frequency will change a frequency- 
modulated carrier into an amplitude-modulated carrier and is called 
a discriminator. Because of the steep slope of its amplitude-frequency 
characteristic, a tuned circuit is such a device. In Fig. 468, if a 
frequency-modulated source of center frequency a is connected across 
an antiresonant circuit tuned off resonance, there will be produced 
across the tuned circuit a carrier voltage wffiose variation in amplitude 
^is a function of the frequency excursion Aa, hence of the original audio, 
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or signal, voltage. The resultant amplitude-modulated carrier may 
then be detected by any of the usual methods. While indicating the 
principle involved, the method of Fig. 468 is not used because it intro¬ 
duces appreciable distortion due to its curvature {AE ^ AF'). 

The system shown in Fig. 469 can be quite free from distortion. 
The primary and secondary windings are mutually coupled; the volt¬ 
ages Ci and 62 are 180° out of phase. At resonance, the voltages Ci 
and es differ in phase by 90° as do 62 and Cs. At off-resonance frequen¬ 
cies, ei and Cs differ by less than 90° when 62 and es differ by more than 
90°. The diodes then have impressed on them equal and opposite 
voltages at resonance but unequal voltages off resonance. The 
output voltage then is frequen(‘y-dependent, and so the circuit demodu¬ 
lates a frequency-modulated input voltage. 



Fig. 469.—A more usual frequency-inodulation discriminator. 


RECEIVERS 

334. Receiving Circuits.—In modern broadcasting, the modulated 
high-frequency currents of Fig. 450 (p. 539) are converted into electro¬ 
magnetic waves, which may be received by an antenna or loop and 
converted into audio-frequency current by a detector and then into 
sound waves by telephones or a loud-speaker. 

Most receivers are designed to operate from an alternating-current 
supply. A full-wave rectifier and filter, Fig. 419 (p. 512), supplies a 
plate voltage of about 300 volts. The electromagnet of the loud¬ 
speaker frequently is used as one of the choke coils of the filter. 
Lower voltages for the screen grids and for the plates of any lower 
voltage tubes are obtained by means of series resistors or a voltage 
divider. In either case these resistors must be by-passed by large 
capacitors to provide a low-impedance path for the a-c plate current. 
Grid-bias voltage is obtained from the voltage drop in a resistor placed 
in the plate return lead to the cathode (Sec. 314). This resistor often 
is by-passed by a suitable capacitor. The filaments of all tubes are 
heated from one or more separate low-voltage windings on the rectifier 
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transformer. All tubes except the output tubes usually have separate 
heater cathodes to reduce the alternating-current hum in the loud¬ 
speaker and to allow all the filaments to be operated in parallel. 

In addition, there are various accessory circuits as warranted by 
the economics of receiver design. The manual volume control often 
is supplemented by an automatic volume control where some of the 
audio output is rectified and the resultant d-c voltage is fed back to 
control the grid bias of one or more earlier stages in the receivers. A 
tone control may be adjusted for accentuating base notes or high 
notes. Where the last audio-frequency stage consists of a push-pull 
arrangement as in Fig. 435 (p. 526), the grids of the push-pull amplifier 
may be fed from a phase inverter to eliminate the input transformer. 
The plate circuit of the phase-inversion stage is connected to one push- 
pull grid, and the unbypassed cathode circuit of the inverter supplies 
the other push-pull grid. In frequency-modulation reception, any 
amplitude-modulated signal may be avoided by incorporating one or 
more ^'limiter’’ stages, which are essentially overloaded triodes and 
hence behave very much like biased diodes and chop off the varying 
amplitude component of the amplitude-modulated wave. Any 
undesirable atmospheric disturbance (static*) that is propagated as an 
amplitude-modulated wave can be greatly reduced in this manner 
before detection in the frequency-modulated receiver. 

336. Superheterod3ntte Receiver. —The superheterodyne method of 
reception is used widely for both amplitude- and frequency-modulated 
signals. As indicated in Sec. 332, a voltage from a local oscillator and 
a voltage from the signal are connected to electrodes of a mixer, which 
is operating at a nonlinear portion of its characteristic. The resulting 
intermediate frequency is the same for all settings of the receiver con¬ 
trol if the tuning condenser of the local oscillator is designed to track 
with the tuning condenser of the signal circuit. When tlie mixer is a 
tube containing within its envelope the electrodes for the local oscil¬ 
lator, it is called a converter. The amplifier for the intermediate 
frequency may yield considerable gain and may be designed with 
quite definite frequency characteristics because the intermediate 
frequency is fixed. Following the intermediate-frequency amplifier, 
a second detector operating at a high voltage level is used in ampli¬ 
tude-modulation receivers, and a pair of limiter stages and a dis¬ 
criminator (Sec. 333) are used for frequency-modulation reception. 
The wiring diagram of a typical amplitude-modulation superhetero¬ 
dyne receiver is given in Fig. 470, and the essential high-frequency 
circuits of a frequency-modulation superheterodyne receiver are 
shown in Fig. 471. 



Thase 

1st I.F. Amplifier 2nd I.F. Amplifier Inverter 

, -, , -, Detector __ 



Fig. 471._High-frequency circuits of a frequency-modulation superheterodyne receiver. 











CHAPTER XV 
RECTIFIERS 

The necessity for using direct current in certain types of industrial 
application is discussed on pp. 2 and 420. As a rule, it is far more 
economical to generate electrical energy as alternating cui*rent in large 
generating units and at locations where coal and cooling water can be 
obtained advantageously or where water power is available and then 
to transmit the energy, rather than to generate in smaller units near 
the centers at which the energy is utilized. Hence, when direct- 
current power is needed for industrial purj)oses, it must be obtained, 
as a rule, from an alternating-current system and be transformed in 
some manner to direct current. As is shown in Chaps. XI and XII, 
this transformation may be accomplished by rotating machinery, 
such as induction- or synchronous-motor-generator sets or by syn¬ 
chronous converters. It has long been recognized that in larger power 
units rectifiers are more economical than rotating ma(*hinery for the 
conversion of alternating-current to direct-(*urrent (mergy. This is 
due to the fact that in the rectifier there is no magnetic field and hence 
there is no copper loss in supplying the necessary mmf; in the rectifier 
there is no induced emf, and so there are no core losses such as occur in 
the armature iron of a dynamo; in the rectifier there are no moving 
parts, and so there are no mechanical losses. Rectifiers of the selenium 
type, and of the grid-controlled mercury type, and the ignitron have 
reached such a high state of development that they are being used in 
many installations in which formerly rotating machinery would have 
been used. 

A rectifier, in a broad sense, is a device whose resistance changes 
w^hen the direction of current changes. It is defined in the ASA^ 
definitions as '^a device which converts alternating current into uni¬ 
directional current by virtue of a characteristic permitting flow^ of 
current in only one direction.'^ 

On the other hand, an inverter converts unidirectional current into 
alternating current. 

Rectifiers may be divided into two general classes, those designed 
for small amounts of power, such as the mechani(‘al, electrolytic, 

1 American Standard Definitions of Electrical Terms C42; Definition 15.50.010. 
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copper-oxide, selenium, and well-known glass-tube-type mercury-arc 
rectifier; and rectifiers designed to supply commercial power systems. 
(This does not include the vacuum-tube types used mostly for com¬ 
munication purposes and described in Chap. XIV.) Rectifiers for 
relatively small amounts of power will be considered first. 

336. Half- and Full-wave Rectification. —If a rectifying device 
permits the passage of current in but one direction, as indicated in 


AAA 

(b) Half-wave rectification 

Fia. 472. 

Fig. 472(a), no current flows during the negative half of the wave that 
is cut off. Unless tlu^re is inductance or a battery in the circuit, the 
current will be zero, therefore, for half the time. Fig. 472(6). This is 
called half-wave rectification. This type of wave is satisfactory for 
some purposes, such as battery charging, but it would not be satis¬ 
factory for general power supply (see Secs. 305 and 30G, p. 511). 

If, however, current can be made to flow during each half-cycle 
I)eriod, as in Fig. 173(6), full-wave rectification results (see p. 512). 


Current 


T 


Rectifier 


A-C Volta 

—I 

(a) Simple rectifier 


mm 

1-2 3-4 1-2 3-4 1-2 3-4 


(6) Full-wave rectification 
J !(.. 47.^. 

When a transformei is used with the rectifier, it is a simple matter to 
obtain full-wave rectification by a center-tap connection, Figs. 475 
and 480(a) (pp. 557 and 504). When a center tap is not available, the 
bridge circuit of Fig. 473(a) may be used. Four half-wave rectifiers 
connected in the form of a Wheat stone-bridge circuit are used, the 
direction of positive current being shown by the arrows on the rectifier 
diagram. The alternating-current power source is connected across 
one pair of diametrically opposite junctions of the bridge arms, and 
the load is connected across the other pair. When the upper line is 
positive, current flows through (1) into the positive terminal of the 
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load and out through (2) to the lower alternating-current wire, giving 
waves 1-2 in (6). During this half-cycle, current cannot flow through 
(4) and (3) because of their rectifying characteristic. When the lower 
line is positive, current flows through (3) into the positive terminal of 
the load and out through (4) to the upper alternating-current wire, 
giving waves 3-4 in (6). Current during this half-cycle cannot flow 
through (2) and (1) because of their rectifying characteristic. Hence, 
during each half-cycle, current enters the positive terminal of the load 
and leaves the negative terminal. By the use of a smoothing induct¬ 
ance the pulsations in the rectified current wave. Fig. 473(6), can be 
considerably reduced. 

337. Mechanical Rectifiers. Rectifying Commutator .—The recti¬ 
fying commutator is a commutator driven by a synchronous motor. 
The segments are connected so that when the alternating currcmt 
reverses, the connections to the direct-current (*ircuit are reversed 


A-C 

Supply 


1 lo 474 (’oniuiuta,tinK-t>pe lectifier 

simultaneously. Fig. 474. A unidirectional current is thus obtained. 
As the brushes cannot have zero ^^idth, it is difficult to commutate at 
the point of zero current and the current and voltage are rarely zero 
at the same time. Hence, such devices spark more or less and are 
limite‘d to small cm rents and voltages and to special a])plications.^ 
Commutators for very high voltages are used occasionally for smoke- 
precipitation apparatus. 

Vibrating Rectifier .—The vibrating rectifier operates on the same 
principle as the commutator, but the connections to the altejnating- 
current source are reversed each half-cycle by a polarized armature, 
which is caused to vibrate synchronously by means of an alternating- 
current magnet. This type of rectiher has been used for charging 
small storage batteries but for this purpose has been superseded by 
such rectifiers as the Tungar, Rectox, and selenium types. However, 
the vibrator has come into wide use for inverting dire(*t into alternat¬ 
ing current, although the resulting wave is far from sinusoidal. Such 

^ By introducing a third harmonic into the cmf wave, the enif enn be made 
nearly zero for a considerable portion of the cycle, thus permitting improved com¬ 
mutation. Seyfert, S. S., “Synchronous-mechanical Rectihcr-invcrter,“ Tram. 
AI EE, 1933, p. 397. 
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inverters are Vised for automobile radio sets where the 6 volts of the 
battery is inverted to an alternating voltage, is stepped up to 125 to 
400 volts by a transformer, and is rectified by a tube to supply the 
plate- and grid-circuit voltages. In railroad cars the alternating 
current, usually inverted from 32 volts d-c, is used to operate fluo¬ 
rescent lights and supplies the a-c service for electric razors. When 
desired, the inverting and rectifying functions may be combined in one 
set of vibrating reeds by the use of two or more contacts on each reed. 

338. Electrolytic Rectifiers. —Electrolytic rectifiers are based on 
the following principle: If a lead plate and an aluminum plate be 
immersed in a sodium bicarbonate 
or ammonium phosphate solution, 
current can pass from the solution 
to the aluminum. As soon as the 
current attempts to reverse and 
pass from the aluminum to the 
solution, a thin insulating film of 
aluminum oxide is instantly 
formed over the aluminum plate 
and acts as an insulator up to 
about 150 volts. This prevents 
the current flowing from aluminum to solution, and such a device may 
be used, therefore, as a rectifier. Figure 475 shows such a simple 
rectifier, giving a full-wave rectification like that in Fig. 473(b). 

Such rectifiers are of low efficiency, 60 per cent and lower, and of 
small capacity. They are used primarily for charging low^-voltage 
batteries from alternating-current supply. As rectifiers they have 
been superseded by such types as the Tungar, Rectox, and selenium. 
However, the principle of the insulating film of aluminum is utilized 
in the electrolytic capacitor so widely used, particular!}^ in radio work. 

Copper-oxide Rectifier. —The copper-oxide rectifier^ operates 
on the principle that a layer of cuprous oxide on a sheet of copper per¬ 
mits the passage of eh'ctrons from the copper to the oxide but prevents 
their passage in the opposite direction. The action is an atomic and 
not an electrolytic one, and no moisture is essential to the operation. 
The conventional direction of current is opposite to the direction of 
movement of the electrons and the current passes, therefore, from the 
oxide to the copper, Fig. 476(a). The units may consist of w^ashers 
of to in. diameter. Fig. 476(a), mounted on an insulating rod. 
A soft-metal washer, usually of lead, is placed betw^een the copper 

' Grondahl, L. O., and P. 11. Geiger, “A New Electronic Rectifier,’^ Trans. 
A.I.E.E.. 1927, p. 357; also U.S. Patent 1,640,336. 
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Aluminum 
Plate^— 
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1 iG 475 Ele(tiol>ti( lortifior. 
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washers so as to produce more uniform pressure on the oxide. The 
Rectox rectifier of the Westinghouse Electric Corporation operates on 
this principle. * 

The bridge-circuit connection of Fig. 473(a) is used. Each stack 
is a unit in itself, Fig. 476(6), and several such stacks operate in parallel 
to give the desired current rating. The arrows show the direction of 
rectification in each section of the stack. 



Copper 

(a) Top and sectional plan of (b) Wiring diagram 

Rectox disc 

Fici. 476.—Heotox loclifier 


Rectox chargers are adapted for rectifying small values of power 
and are used extensively for charging batteries, to provide direct 
current for control systems such its are used uith elevators, as integral 
parts of rectifier-type instruments (p. 105), and for several other 
purposes requiring small amounts of rectified current. The efficiency 
of rheostat-regulated chargers is betwetm 30 and 40 per cent and of 

step-regulated chargers between 40 and 50 per 
cent. Under optimum conditions and at low 
temperature the efficiency may reach 70 to 75 
per cent. The power factor varies from 0.70 
to nearly unity, depending on the load. 
V^iO. Selenium Rectifier.^—The selenium 
rectifier is based on the unilateral conduction 
property of a thin layer of selenium vhen it 
is placed between and in intimate contact with 
two metallic electrodes. The selenium is 
deposited as a film about 0.05 mm thick on 
one side of a carrier plate of either iron 
or aluminum. The adhesion should be high 
so as to prevent contact losses. The selenium is then subjected 
to a series of controlled heat-treatments, which produce a crystalline 
structure. Then a low-melting-point alloy is metal-sprayed on the 

' Harty, E. a., “Characteristics and Applications of Selenium-rectifier Cells/' 
Trans. AIEE, Vol. 62, p. 624, 1043. 



Fia. 477.“ Selcnium-recti- 
flci unit. 
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selenium surface, forming the ‘'counterelectrode.'' By means of a 
subsequent chemical treatment a film “blocking," or “barrier" layer, 
is formed between the selenium and counterelectrode. Figure 477 
shows a single unit the thickness of which is considerably exaggerated. 
The rectification is in the direction of back plate to selenium. 

The unit can sustain a rev^erse voltage of 18 volts and is usually 
rated at 6 volts. The normal current density is about 35 to 40 ma 
per sq cm or about 0.225 to 0.2G amp per sq in. for full-wave rectifi¬ 
cation. Below are given typical unit ratings for half-wave and full- 
wave center-tap operation. 


Diameter, in. 

1 

Vi 

2^6 

438 

Amp: 

Half-wave. 

0.075 

0.2 

0.5 

2 15 

Full-wave. 

0.150 

0.4 

1.0 

4.3 



With added cooling these ratings may be increased, and for short 
times the current may be as high as 2 to 2.5 times normal. The power 
efficiency is 50 to 75 per cent, depending on the current and type of 
circuit. The units can be combined in series and parallel and are 
assembled in stacks. 

This type of rectifier is widely used for battery charging, telephony 
and telegraphy, control circuits, railroad signaling, electrical measuring 
instruments, electroplating, and Avoiding. 

341. Hot-cathode Rectification. —A considerable number of recti¬ 
fiers, including the high-voltage-diode type (Sec. 305, p. 511) operate 
on the hot-cathode principle. If a cathode is heated to a high temper¬ 
ature, the average velocity of the electrons in the metal increases and 
more electrons therefore are able to leave"the metal (Sec. 297, p. 505). 
This principle is used in the hot-cathode gaseous rectifiers such as the 
Tungar and Rectigon (Sec. 342), as well as in the mercury-arc rectifier, 
which is so important in the rectification of large amounts of power. 

Figure 478 show^s a closed vessel within which is a gas or 
mercury vapor at very low i)ressure. A hot cathode and a relatively 
cool anode, connected in series Avith an alternating-current supply, 
enter the vessel from opposite sides. Because of its high temperature, 
the electrons leave the cathode readily. The anode, being relatiA^ely 
cold, emits practically no electrons. At the instant shoAvn in Fig. 
478(a), the anode is positiA’^e and the cathode is negative. The differ¬ 
ence of potential betAveen them creates an electrostatic field betAveen 
cathode and anode, which is represented by lines. A potential 
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gradient is created at the surface of the cathode that acts in the 
direction of the positive anode and draws electrons from the cathode, 
and under the influence of the field the electrons travel toward the 
anode. In doing so the electrons collide with molecules of the gas or 
vapor and thus produce both positive ions and free electrons by 
collision. The electrons travel to the anode and the positive ions to 
the cathode, thus establishing a current from anode to cathode. 
These ions create other ions by collision, so that there is a relatively 
large number of ions in the space betw^een anode and cathode. 

When the potential reverses and the former cathode now^ becomes 
positive as in Fig. 478(6), the electrons are drawn from the field to 
_ ^ the cathode, ionization due to 

+ Current -:»► - No Current , . 

^ Cool AMde electron collision ceases, and cur- 

— +mr — ^ longer flow\ The 

/y ^ mobility of the positive ions that 
n If may be present is so low that at 
the existing low \ oltage gradient 
' Hot Cathode^ in the fi(4d these ions cannot 

4- cause a})prtH*inble ionization by 

collision. Hence, such a recti- 

FiCi 47S -Hot-tathodo ICCtifi( ation. i *11 ‘j. 

tier, or a alve, will permit the 
flow of current from anode to cathode but not in the reverse direction 
The difference between this type of rectifier and the hot-cathod(' 
vacuum type is in the number of ions available and the resulting 
space-charge effect. In the gaseous and vapor types of rectifier, a 
larger number of ions, or current carriers, can be produced with 
the same potential difference between cathode and anode. Hence, 
the voltage drop with relatively large currents is low^ Also, in the 
vacuum type, only (‘leetrons are in the legions lietwetm anode and 
cathode, and these produce a space charge that tends to prevent the 
electrons that leave the cathode from moving toward the anode 
(Sec. 302, p. 508). In the gaseous and vapor types, lioth positive 
ions and electrons occupy the region betw^een cathode and anode, and 
the effect of both positive and negative charges in the same space is to 
neutralize space-charge effects. Space-charge effects make the 
vacuum type a high-resistance device. The absence of space-charge 
effect makes the gaseous or vapor type of ionic d(*vice a low-resistance* 


Although in the gaseous rectifier both positive ions and electrons 
carry the current, the larger proportion of the current is carried by 
the electrons because of their far greater mobility. This is particularly 
true in mercury-arc rectifiers. The most important effect of the 
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positive ions is to neutralize the space-charge effect of the electrons, 
thus reducing the opposition of the space charge to the flow of current. 

The volt-ampere characteristic of the rectifier depends on the gas 
pressure. If there is a perfect vacuum, there is no gas to be ionized, 
and the entire current is due to the movement of the electrons, the 
resulting space charge causing a very high voltage drop. If the gas 
pressure is too high, the mean free path of an ion is very short, and a 
high voltage is necessary to cause ionization and current flow. There 
is an optimum pressure, which gives a sufficient number of positive 
ions to just neutralize space charge. With inert gases this pressure 
varies from 0.01 mm to several centimeters of mercury. In mercury- 
arc rectifiers the pressure is low, being 0.001 to 0.09 mm of mercury at 
a temperature range of 20 to 80°C. In the Tungar rectifier the 
pressure of the inert gas (argon) is approximately 5 cm of mercury, the 
higher pressure being advantageous in that it tends to prevent evapora¬ 
tion of thorium from the filament. 

342. Hot-cathode Gaseous Rectifiers. —The Tungar rectifier of 
the General Electric Company and the Rectigon rectifier of the 
Westinghouse Electric Corporation are typical examples of hot- 
cathode gaseous rectifiers. The anode is of graphite, and the cathode 
is a coiled tungsten filament heated by an electric current. These 
electrodes are enclosed in a bulb containing an inert gas, usually 
argon, at reduced pressure. 

The connections for the Tungar rectifier are shown in Fig. 479. 
A transformer ah steps do^ra the supply voltage, and the filament 
is connected across its secondary. The filament becomes incandescent 
and emits electrons. 

One terminal c of the transformer secondary and one end of the 
filament are connected to the transformer primary at h. The filament 
then is at practically the same potential as that of the power-supply 
line b'b. The voltage of the battery being charged is somewhat less 
than the voltage between line «'a and line b'b. The potential of the 
graphite anode is different, therefore, from the potential of point c. 
Consequently, during one half-cycle the potential of the filament is 
negative ^\ith respect to the anode; during the next half-cycle its 
potential is positive with respect to the anode. 

When the filament is negative, the negative charges, or electrons, 
are repelled by it, because like charges repel one another. These 
electrons attain a considerable velocity and ionize the gas by collision. 
The region between the filament and the anode becomes conducting; 
and, as a result, current flows from a into the positive terminal of the 
battery, through the battery to the anode, to c and then to b. 
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When the filament is positive, the electrons, or negative charges, 
that it emits owing to its high temperature are attracted toward the 
filament, since positive and negative charges attract one another. 
Consequently, the electrons that initiate the ionizing action are with¬ 
drawn from the region between the filament and the anode. As a 
result, the gas is no longer ionized and ceases to be a conductor. 
Therefore, no current can flow during this half-cycle. The current can 
flow only in one direction, namely, from the graphite to the filament, 
and the device acts as a rectifier. 

Figure 479(?>) shows the connections for one commercial type of 
iow-voltage Tungar, the switches and cutouts being omitted. Both 
the current to be rectified and the cAirnmt for heating the filament 



Fui. 47i>.—Tungar lectifior. 


are supplied by the transformer secondary, the filament being con¬ 
nected between a 2.5-v()lt tap and one end of the secondary. Current 
regulation may be obtained l)y adjusting the resistance and the 
reactance. Where electrical connection between load and primary 
mains is permissible, an autotransformer with taps may be used. 

The devices shown in Fig. 479 give only half-wave rectification, 
but this is not a serious disadvantage when ordinary batteries are 
being charged. However, a two-bulb rectifier giving full-wave rectifi¬ 
cation is available. Figure 481 (p. 567) shows the types of voltage 
and current waves with full-wave rectification and a battery load. 

The efficiency of the Tungar rectifier is 35 per cent in the smaller 
sizes to 75 per cent in the larger sizes. The arc drop is 0 to 47 volts, 
and the current ratings are 2 to 15 amp. This type of rectifier is used 
principally for charging batteries. 
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MERCURY-ARC RECTIFIERS 

343. Mercury Arc. —In the Tungar and Reetigon rectifiers, the 
tungsten constitutes the cathode, and the ionized atoms of an inert 
gas constitute the current carriers, producing the space charge as well. 
Since the cathode operates at high temperature, it slowly volatilizes 
and its life is limited. With mercury-arc rectifiers, the mercury 
performs the two functions; it is the hot cathode, and it supplies the 
mercury vapor from which the necessary positive and negative ions 
are produced. Mercury is very advantageous for these purposes. In 
mercury, the electrons are held rather loosely to the positive atomic 
nucleus, and accordingly the vapor ionizes readily. Since the mercury 
vapor condenses and returns to ihe cathode pool, there is no deteriora¬ 
tion of the cathode with use. 

When the rectifier is in operation, a mercury arc concentrates on 
the surface of the mercury at the cathode and produces the cathode 
spotj a legion of high temperature at uhich ionization can occur 
readily. The arc maintains the cathode spot at high temperature 
through the concentrated bombardment of the surface of the mercury 
by heavy positive ions of the mercury vapor. The cathode, being 
negative, attracts the positive ions, and these ions in striking the 
mercury give up th(ar kinetic energy as heat, raising a r(‘lalively 
small region of the mercury pool to a high temperature. Marti and 
Winograd^ state that candul measurements made in the Brown- 
Boveri laboratories show this temperature to be 2()87°C. ^Moreover, 
this high t(‘mperature is only local, the mc^an temperature of the 
cathode pool being of the order of lOO^C. The aiiod(\s may be of eithei 
iron or graphite and operate comparatively cool, their temperatures 
being well below that at which they can emit electrons freely. 

The voltage drop in the arc is dependent on operating conditions, 
such as the length of the arc, A\hether or not the arc is restricted, and 
whether or not an auxiliary anode is used to maintain the arc. The 
ordinary arc drop is of the order of 12 to 18 volts in single-tank recti¬ 
fiers and may go as high as 30 volts in multianode tank rectifiers 
where the cross section of the arc is restricted by shields, Fig. 498 
(p. 589). The arc drop remains nearly constant over a considerable 
range of the instantaneous values of current. Also, in large, well- 
designed mercury-arc rectifiers, the arc drop is nearly independent of 
the load current. 

344. Operation of Single-phase Rectifiers. —In Fig. 480(a) is 
shown a simple single-phase rectifier with two anodes A and B supplied 

Mercury Arc Rectifier?—Theory and Practice,McGraw-Hill Book Com¬ 
pany, Inc., 1930, 
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by transformer secondary ab with a center tap o. The lower terminal 
is the cathode and consists of a pool of mercury. The rectifier is 
usually started by an ignition rod or starting anode [Fig. 498 (p. 589)], 
omitted in Fig. 480(a), which strikes an arc, producing the cathode 
spot. First consider the conditions existing when a resistance load R is 
connected between cathode and center tap o. There arc resistance 
and leakage inductance in the transformer primary and secondary, 
but their effect will be neglected. Because of the high temperature 
of the cathode spot, the cathode emits electrons freely. These are 
attracted to that anode terminal which is positive at the time and 
are repelled by the anode terminal which is negative at the time. 
Because of their high velocities, these electrons ionize the mercury 
vapor by collision, the negative ions and electrons going to the positive* 


^oa L^ob ^oa 




1 IG 4SO Singlc‘-i>)i}ist* IOCtififi with lOMst.iixo load. 

anode and the positive ions to the cathode sjiot, thus causing current 
from anode to cathode. The bombardment of the cathode spot by the 
heavy positive ions maintains the spot at the necessary high 
temperature. 

The anodes operate well below the temperature at which they 
can emit electrons freely. Hence, at the time an anode terminal is 
negative, the electrons iri its neighborhood are all draw n to tlu* cathode, 
ionization by collision ceases, and no current can flow from cathode to 
that anode. Likewise, current cannot flow from anode to anode. 
Thus the rectifying action occurs at the anodes and not at the cathode. 
Current, therefore, can enter the tube from either anode A or B, 
Fig. 480(a), depending on w^hich side of the transformer secondary ab 
is positive, and can then go to the cathode and so to the load. In 
Fig. 480(a), anode A is shown positive, and then current is from A to 
the cathode (see Fig. 478). 

If only one anode were used, the negative half of the alternating- 
current wave would be eliminated in each cycle, and half-wave 
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rectification, Fig. 472(6), would result. This condition could not be 
maintained with the mercury arc, since the de-ionization time of the 
gas is only a few microseconds and the arc cannot restrike if the cur¬ 
rent becomes zero, even for a few microseconds. [By using auxiliary 
or excitation anodes from which arcs to the cathode are maintained 
at all times, it is possible to operate the tube even if the main current 
is zero during parts of the cycle (see Fig. 495, p. 589).] 

To obtain a continuous flow of current through the tube, two 
anodes A and B are necessary, one anode being connected to each 
outer terminal of the transformer secondary. When one terminal of 
the transformer secondary is negative, the other is positive, so that 
either one anode or the other is always positive. Thus, in Fig. 480(6), 
when the potential of anode A is positive with respe(.‘t to center tap o, 
as shown by the half-wave Boa, current flows from anode A to the 
cathode. At the instant at which Boa reaches zero, Bob is also zero 
and de-ionization begins. If Bob, Fig. 480(6), can attain a positive 
value exceeding the excitation voltage, that is, the voltage just 
necessary to form the arc, before the vapor de-irmizes, the arc will 
continue. Under these conditions the current fi )m anode A ceases 
while that from anode B begins (the effect of inductance is neglected). 
Therefore, current is always entering the tube from either one anode 
or the other. The curnmt goes to the cathode, out through the load, 
such as the resistance li, and thus to the transformer secondary 
through the center tap o. The center tap performs the same function 
as the bridge connection, Fig. 473(a) (p. 555), in that it permits 
full-wave rectification. 

346. Voltages and Currents with Resistance Load. —Again, con¬ 
sider the single-phase rectifier. Fig. 480(a), assume a resistance load, 
and neglect the resistance and leakage reactance of the transformer. 
Also, for simplicity, assume that the arc is maintained by auxiliary 
anodes. In Fig. 480(6) are shown the voltage half-waves Boa and Bob 
acting to send current from the anodes through the tube to the cathode, 
then through the resistance load R back to the center tap o. The 
centei tap o is assumed to be at zero potential. Let Fa be the arc 
drop, which is essentially constant and is shown by the horizontal 
dotted line. Current cannot flow until the emf of the anode is at 
least equal to the arc drv>p. Hence, current begins to flow at time p, 
which is slightly later than that at which the emf oa begins to increase 
positively from its zero value. In order to obtain the cathode voltage 
Voa and Vob, the arc drop Va is subtracted from Boa and Eob^ The 
voltages Voa and Vob are acting across the load R, Since there is no 
inductance in circuit, the current at each instant is proportional to 
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the voltages Voa and Voh and the value of the current is shown by the 
current waves loa and Since the arc drop is essentially constant, 
it may be considered as a constant counter emf. Hence the current 
to the load 


i 


Voa 

~R 


Eoa -Zja 
R ' 


(282) 


where Voa == Voh and Eoa — Eob and R is the resistance of the load. 
As current flows only Avhen the anode emfs exceed the cathode emf 
by the arc drop, there A\ill be short intervals of time, such as p'q', 
during which no current flows. If these intervals are sufficiently long 
to permit de-ionization of the gas (Sec. 344) and there are no auxiliary 
electrodes, the load current cannot maintain the arc with resistance 
only in the circuit. 

When an anode is firing, the differen(*e of potential between it 
and the cathode is equal merely to the arc drop Fo- Consider the 
time when anode A is firing and the emf Eoa is at its maximum value. 
The anode A is at Eoa volts above the center tap o, neglecting the small 
impedance drop in the winding oa. The cathode potential differs 
from the anode potential by the arc drop Fa, so that its potential 
above the center tap is Foa volts. At this same instant the potential 
of anode B is —Eob volts, shown dotted. Hence, the maximum 
instantaneous difference of potential that occurs between each anode 
and the cathode is 2Em — Fa volts, where Em is the maximum instan¬ 
taneous emf between the center tap and an anode. The maximum 
potential difference between the two anodes is 2Em volts. This volt¬ 
age is attempting to send current between anodes causing backfire 
(Sec. 368, p. 596), and the rectifier must be designed so that the high 
voltage between anodes cannot normally cause breakdown of the 
gaseous dielectric between them. 

The emfs —-Eoa and —Eob are called inverse voltages, 

346. Battery Load. —Next replace the resistance load by a battery 
load. Fig. 480(a), between cathode and center tap o. Figure 481 
shows the rectified emf waves Eoa and Eob\ the line voltage Eb represents 
the constant emf of the battery. The resistance of the battery is Ri 
ohms. Current can flow into a battery only during times when the 
impressed emf exceeds the emf of the battery. With the mercury-arc 
rectifier, the emf of the rectifier must exceed the emf of the battery hy 
the arc drop before current can flow. In Fig. 481 the emf Eoa of the 
rectifier is equal to the emf of the battery at time pi, but current does 
not begin to flow to the battery until time p when the battery emf 
characteristic Eb intersects the rectifier half-wave voltage Foa, where 
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Voa is equal to Eoa minus the arc drop, Fig. 480(6). After current 
begins, the rectifier emf Eoa, Eob, drops to voltage V oa, F oh because of 
the arc drop. The difference between Voa, Vob and Eu must be equal 
to the internal resistance drop in the battery plus the voltage drop 
due to the resistance of the connections, the latter being negligible. 
The current at any instant is 

^ 283 ) 

lib 

Between time q and time p', the battery emf exceeds the rectifier 
voltage Voa, and no current can flow from rectifier to Imtiery. Indeed, 
the battery tends to send current in the reverse direction through the 
rectifier. However, the valve action of the rectifier prevents this 
reversal of current, and the current becomes zero at time q and remains 
so until time p' is reached, where the battery emf line Eh intersects 



Vob- The current wave under th(\se conditions is intermittently the 
upper portion of an ap})ro\imate sine ^^ave vhose frecpiency is that 
of the alternating supj)ly. When the current })ec()mes zero, the 
cathode voltage becomes that of the battery emf Eh- Hence, the 
wave shape of the cathode voltage is given by the heavy line VV, 

A mercury-arc rectifier could not o])erate with this type of current 
wave unless auxiliary anodes were used to maintain the cathode spot. 
A smoothing inductance (Secs. 318 and 351, pp. 509, and 573) would 
tend to maintain the current during the periods corresponding to gp', 
etc. 

Example. —The total voltage between the center tap and the two end terminals 
of a transformer secondary supplying a two-anode mercury-rectifier tube is 110 
volts rms, 60 cycles. The arc drop in the tube is 16 volts. The tube is used to 
charge a 60-cell storage battery in which the emf of each cell is 2.0 volts and the 
resistance is 0.005 ohm. An external resistance of 0.5 ohm is connected in senes 
with the battery. Neglect smoothing-inductance effects and also impedance 
drop in the transformer. Determine (a) maximum instantaneous value of the 
current; (h) maximum voltage between anode and cathode; (c) between anodes. 

(o) The maximum voltage from the center tap to the anodes is 

110 y/2 « 156 volts. 
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The arc drop being 16 volts, there remains 140 volts available for the external 
circuit. 

The enif of the battery is 60 • 2.0 = 120 volts. 

The internal resistance of the battery is 60 • 0.005 == 0.3 ohm. 

Hence the instantaneous maximum current 


Ln = 


140 - 120 
0.3 + 0.5 


= 25 amp. 


Arts, 


(The average current will be much less than this.) 

(6) From Sec. 345 the maximum, or inverse, voltage is 

(110 y/2 - IQ) + 110 = 140 + 150 = 200 volts. Ans. 


(c) The voltage between anodes is the same as 5, except that the arc drop is 
not included. Hence the maximum voltage is 312 volts. Ans. 


347. Anode Inductance.—In Fig. 482(a) is shown an alternating- 
current source oa, a single-anode mercury-arc roctifioi* and a load 



consisting of an iron-core inductance' L and a rcsistan(*c R, all in sciies. 
In the magnetic circuit of the inductance there is an air ga]) so that thi' 
flux can follow more readily any unidirectional jnilsation of current. 
The resistance of the iiidiictanci' is low and may be neglected. Only 
half-wave rectification can be obtained from this rec'tifier, and an 
auxiliary anode would be necessary to maintfiin the arc. 

In Fig. 482(6), the wave V shows the voltage across the source 
minus the constant arc drop. When the voltage* V begins to increase 
from zero, the current i must start at zero because of the inductance. 
However, as the voltage increases, the current i also increases; but, 
owing to the effect of the inductance, it lags the voltage V. In other 
words, the change of current must produce an emf of self-induction, 
e — —L di/dt, within the circuit. This emf is shown dotted and 
causes the current i to lag V. The net voltage acting across the 
resistance, Vr = iR, must be equal, therefore, to the sum of e and 
and is shown by the curve V r, which is equal to F — L di/dt. The 


^ These quantities may be determined by solving differential equations. 
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inductance prolongs the current beyond the point at which V becomes 
zero. Beyond this point the anode emf actually becomes negative 
with respect to point o, Fig. 482(a), and since the arc drop still exists, 
the cathode voltage V also becomes negative for a time. At point p 
the current becomes zero; and since it cannot reverse, the emf of self- 
induction e must drop to zero. Hence, inductance prolongs the 
current beyond the time at which the anode and cathode half waves 
of emf become zero. Also, when the cathode voltage V has become 
zero and for a short time after it has become negative, the emf of 
self-induction cuids to the cathode voltage to give a positive voltage Vr 
across the load R. Hence the time during which the circuit voltage 
is acting is increased over the time represented by the half wave of 
anode emf (see Fig. 487, p. 574). 

Therefore, inductance can be used in rectifiers to prolong the 
duration of the flow of current from a single anode, giving some other 
anode opportunity to fire before the current becomes zero, (Fig. 
483(6)). 

348. Smoothing Inductance.—Tn Fig. 483(a) is shown a single¬ 
phase full-wave mercury-arc rectifier, similar to that in Fig. 480(a). 



A load is connected consisting of a smoothing inductance L and a 
resistance R. Let E^a and Eoh be the half waves giving the potential 
of the two anodes A and B above that of the center tap. The corre¬ 
sponding cathode potentials are given by the half waves Voa and Voh, 
obtaincKl by subtraction of the arc drop from Eoa and Eob- Neglect 
the leakage inductance and resistance of the transformer. 

Without the smoothing inductance the voltage across the resistance 
load would be given by Foa, Fob, except for the short intervals such as 
p'g', during which the current becomes zero. Fig. 483(6). Voa and Voh 
also would be zero during these intervals. However, the smoothing 
inductance tends to prevent change in the load current, and with a 
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sufficiently large value of inductance the current shown by i will bo 
nearly steady, although there must be necessarily a small ripple. 
Since the current is nearly steady, the voltage Vr = Hi across the 
resistance R also must be nearly steady, as shown by the curve Vr. 
Since the cathode voltage is given by Foa, Vob and the load voltage 
by Vr, the difference between the two must be the emf of self-induc¬ 
tion —1/ di/dt in the smoothing inductance L. This is shown for 
two instants of time p and q in Fig. 483(6). 

Also, during such intervals as p'g' the current cannot be zero, 
as it was in Fig. 480(6), so that during such intervals the emf of 
self-induction must maintain the current through the resistance R- 
Since current flows during the interval p'g', there must still be an 
arc drop that must be subtracted from Eoa, Eoh* This makes the 
cathode voltages Voa, Vob actually negative during intervals such as 
p'g'. However, the load voltage Vr = JR must still be positive as 
shown. The positive emf that is necessary to make this condition 
possible can be supplied only by the emf of self-induction L di/dt as is 
indicated at the right, Fig. 483(6), vhere it is added to the negative 
values of Voa, Voh, at g, to give F/e. 

During the intervals A, anode A is firing; and if the small ripple 
be neglected, the current to the anode appeai-s as a rectangular wave 
dropping to zero almost instantly when anode B fires and takes the 
arc. Although the load current can change only gradually, owing to 
the smoothing inductance, the current can transfer from one anode 
to the next in a very short time. Under these conditions the current 
wave in the primary of the transformer, which is the reflection of the 
secondary current wave, will be rectangular in form. Fig. 183(c). 
The primary current due to anode B is the reverse of that due to 
anode A, for the anode currents flow' in the secondary in opposite 
directions. 

Owdng to the leakage flux between j)rimary and secondary, there 
must be inductance in the transformer. Therefore the current to the 
anodes cannot increase to a steady value or decjease to zero instantly 
as shown in (6) but will change gradually as show'n in Fig. •482(6) 
and Fig. 487(6). Hence the wave form of the primary current will 
depart somewhat from an exact rectangle. 

349. Single-phase Glass-tube Rectifier,—The glass-tube mercury- 
arc rectifier has been in use for a number of years, its principal uses 
being the charging of storage batteries, particularly for electrical 
vehicles, and the rectifying of the current output of constant-current 
transformers for magnetite arcs, for example (see Sec. 177, p. 299). 
The rating of such rectifiers was limited to about 50 kw. In Fig. 484 
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is shown a typical low-voltage glass-tube rectifier. The anodes Ai 
and A 2 are connected directly across the transformer secondary. A 
starting anode As is in series with resistance R to one line. When 
the tube is tilted, an arc forms to the cathode, thus establishing the 
cathode spot. 

Instead of using a center tap in the transformer secondary for the 
return current from the load, an autotransformer, or balance coil, is 
sometimes used, not only as a smoothing inductance, but, by means 
of the taps e, e'. which operate together, to , 

provide means whereby the load voltage may 1 —_| 

be controlled. 

The operation of the autotransformer is 
as follows: Assume that, at some particular 
instant, terminal b of the transformer second¬ 
ary, Fig. 484, is positive and terminal a nega¬ 
tive. Current attem])ts to flow from b to a 
through some external circuit. One path is 
by way of the anode A 2 , the tube, the cathode, 
and throiigh the battery to the neutral N' of 
the autotransformer. As some of this cur¬ 
rent must return to terminal a of the trans¬ 
former secondary, it attempts to pass through 
the winding Nd of the autotransformer. A 
part of the current does pass through this 
winding and in doing so creates a flux in the 
core of the autotransformer, which induces 
an emf in the winding Nc. The direction of 
this emf is such as to cause the remainder of the current to flow from 
N to r. This current flows through the local circuit NcA 2 . This, it 
will be remembered, is the principle of the autotransformer (see Sec. 
170, p. 285). Since this type of rectifier delivers two half waves each 
cycle, it is a fidl-wave rectifier. 

Because of the fragile nature of the glass and the attendant 
problem of cooling, this type of rectifier is limited to a few hundred 
watts. 

Si.x- and twelve-anode rectifiers made of strong heat-resisting glass 
are now built for large power ratings (Sec. 362, p. 589). 

360. Three-phase Rectifier. —In Fig. 485(a) three Y-connected 
transformer primaries o'a', o'b\ are shown. The three secondaries 
oa, 06 , oc are connected to the three symmetrically spaced anodes 
A, B, C of a mercury-arc tank. A resistance load R is connected 
between the cathode and the neutral 0 of the secondaries. 



Au totr an sf ormer 
Smoothing Inductance 


Fio. 484.- -Glass-tube mer- 
cuiy-arc rectifier. 
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The 3-phase emf waves acting from the neutral o to the anodes 
A, B, C are Eoa^ Edby Eocy Fig. 485(6). The heavy curve Voay Voby Voc, 
is the cathode potential above the potential of the neutral o and is 
found by subtracting the constant arc drop from Eoa, Eohj Eoc- In 
the interval ab the potential of anode Ay represented by Eoay is greater 
than that of either anode B or as well as being greater than the 
cathode potential Voa- Hence, electrons from the (*athode will be 
attracted to anode A and will be repelled by anodes B and C. There- 




Fiq. 4.S5.—Tliiee-phase mei rui >-jii c lectifior. 

fore, during this interval, there is current from anode A to the cathode. 
At point p the potential of anode li is equal to that of anode A, and 
momentarily the arc will be divided between these two anodes. An 
instant later the potential of ancxle B (E„h) exceeds that of A , and the 
arc accordingly transfers to anode B. In this maimer the arc is trans¬ 
ferred consecutively from one anode to the next as their succes.sive 
potentials rise above that of the anode which has just been firing. 
It is to be noted also that, even with a pure resistance load, each 
anode fires before the current from the previous one has become zero. 
Hence, although there is no inductance in circuit, the current does not 
become zero over the cycle, and the arc can be maintained without 
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auxiliary anodes. This is not possible ordinarily with single-phase 
rectifiers. A smoothing inductance is used generally, since it reduces 
the magnitude of the current ripple, Fig. 485(6). Since a resistance 
load is assumed in Fig. 485, the current wave I is of the same shape 
as the cathode-potential wave V oa, F ob, V oc» 

The shaded portions show the intervals over which anode A is 
firing. It fires one-third of the time. The other anodes fire the 
same proportion of the time. Hence the transformer windings 
supplying each phase such as oa and o'a', ob and o'6', etc., are in 
operation one-third of the time. Therefore, their power rating based 
on the usual steady load will ])e diminished because of the intermittent 
current flow. As the niim))er of phases is increased, the proportion 
of the time that a transformer secondary is in operation is corre¬ 
spondingly decreased, unless complicated transformer connections and 
circuits are used. Hence, for a rectifier of fixed rating, the trans¬ 
former kva rating must increase as the number of phases increases. 
This effect is opposite to that occurring ^^ith rotating machinery, for 
which the rated kva output increases with, the number of phases 
(pp. 123 and 437). 

A study of Fig. 185(6) shows that the emf waves Eoay Eoby Eocy 
vary between 0.5 and the peak value of the waves. The voltage 
between cathode and center tap, and also the current, vary by approxi¬ 
mately the same amount. By increasing the number of phases, or 
by the use of smoothing inductance, these variations may be reduced 
consideral)ly. 

361. Six-phase Rectifier and Anode Inductance. —In Fig. 486(a) 
is shown a typical wiring diagram for a G-phase six-anode rectifier. 
Ordinarily, 3-phase transformers are used with rectifier units, the core 
type being preferred. The jirimaries are shown as connected in delta 
and the secondaries in G-phase star. A more advantageous secondary 
connection is to arrange the secondaries in double Y with an interphasc 
transformer l>etween the neutrals of the two Y-systems (see Fig. 499, 
p. 590). The secondaries 01 and 04 and one primary phase are wound 
on the same transformer leg, etc. 

The anodes 1, 2, 3, 4, 5, G are connected symmetrically and in 
sequence. The simplified diagram in Fig. 18()(6) shows that the time 
sequence of the G-phase emfs to the anodes is the same as the sequence 
of the anodes themseh^es. The half waves of the six anode emfs 
El, Ei, Ez, etc., consecutively differing in phase by GJ®, are shown in 
Fig. 487(a). The arc will, therefore, transfer from one anode to the 
next in sequence as the successive anode potentials exceed that of the 
anode that has just been firing. 
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The load, shown as a resistance in series with a smoothing induct¬ 
ance, is connected between the cathode and the neutral 0 of the 
secondary star. With a resistance load only, and neglecting the 
resistance and leakage reactance of the transformer, and also neglecting 
the arc drop, the d-c emf between cathode and center tap 0 is given 



(a) Six-Phase Rectifier with Delta-Star- 
Connected Transformer 

Ftg. 486.—Six-phase morcury-arc rectifier with delta-star coniioctod iransforinor. 



by the envelope of the sine waves J^i, £^ 2 , etc.. Fig. 487(a), from which 
the constant arc drop must be subtracted. With the emf waves Eiy 
E 2 , etc., the maximum variation of emf is from O.SOb to unity. As 
the number of phases is increased, the ripple in the d-c emf becomes 
smaller. With a resistance load only, the current wave is similar to 
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the voltage wave. It is highly desirable that the ripple in both the 
emf and the current waves be small, since inductive disturbances in 
neighboring communication circuits are due to these ripples. A 
smoothing inductance reduces such ripples. 

The effect of reactance, such as the transformer leakage reactance, 
in series with each anode is to introduce a saw-tooth effect into the 
emf wave, as shown by the heavy lines in Fig. 487(a). Consider 
Fig. 487(6). The load current I is shown as constant. A large 
smoothing inductance can make the ripples in the load current so 
small that they may l)e neglected Avithout sensible error. Also, a 
small current ripple lias little effect on the current transfer from anode 
to anode. At point o, anode 1 is carrying the total load current 7. 
The potential Ei of anode 1 exceeds the potential E 2 of anode 2 until 
time p is reached. At time p the potentials of anodes 1 and 2 are 
equal, but an instant later the potential of anode 2 exceeds that of 
anode 1. Were there no inductance in the anode circuit, the current 
would transfer immediately from anode 1 to anode 2, Fig. 485(6). 
However, because of the inductance in the anode circuit, the current 
in anode 1 cannot decrease to zero in zero time but requires time to 
reach its zero value, as shown by the right-hand side of the current 
wave iu Fig. 482(6). The decrease of the current in anode 1 with 
time is shown by the heavy line Fig. 487(6), the current reaching 
zero at time q. As the load current is constant, the rate at which 
anode 2 picks up current must always be equal to the rate at which 
anode 1 drops current. 

Aside from the arc drop, the total emf acting in the circuit of 
anode 1 will be not Ei but Ei Ldii/d(. The omULdii/dt tends 
to prolong the curnmt flow in anode 1 and so is added to Ei, It is 
shown in Fig. 487(a) as the difference between the values represented 
by the heavy line p'g' and a portion p'p" of p'r' of the Ah-w^ave. The 
emf of self-induction in the circuit of anode 2 will be Ldi^/dt; and 
since it opposes the current^s building up in anode 2, it is in opposition 
to E 2 and so is subtracted from E^ as shown. Since the rate of change 
of both currents must always be equal but opposite in sign, the 
resultant emf p'q\ impressed on the circuit by anodes 1 and 2 w^hile 
both are firing, lies midw^ay between their respective emfs Ei and A 2 . 
Also, until the current ii becomes zero, the tw’^o emfs of self-induction 
bring the resultant emfs of the two anodes to equality. 

Because of the valve action of the rectifier, the current i\ cannot 
become negative. Hence at time q the emfs of self-induction in the 
circuits of anodes 1 and 2 become zero, and the emf jumps immediately 
from g' to g", the impressed emf of anode 2. Thus, although induct- 
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ance in series with an anode smooths the current wave, it may increase 
the irregularities in the emf wave between cathode and center tap by 
introducing a saw-tooth effect. 

It is interesting to note that the rising portion of the current 
curve such as ps' in Fig. 487(6) is identical vrith the corresponding 
portion of the current curve i. Fig. 482(6); and, were it not for the 
limiting effect of the load equivalent impedance, the current would 
continue to increase to a maximum as indicated by the dotted line. 
This maximum may be several times the value of the load current /. 

The angle in electrical degrees represented by the time intervals 
pq and rs, during which two anodes are firing simultaneously, is 
called the angle of overlap. 

The interval of time during which anode 1 carries current, indicated 
by the shaded area, shows that anode 1 is in o])erati()n somewhat 
over one-sixth the total time. If, however, the current carried by the 
anode is averaged for one-sixth of a cycle (distance oq) it will he ecjual 
to the current Ij since the shaded area to the left of the ordinate at o is 
equal to the area qp"s'. Hence the effect is as if the secondary 01 of 
the transformer is in operation essentially at the average load for only 
one-sixth the time. However, anodes 4 and 1 and secondary coils 01 
and 04 also obtain their power from the same primary winding, so that 
the primary winding is in operation practically one-third the total 
time. Therefore, with the connection of Fig. 48()(r;), the time of 
utilization of the primary winding is twice that of the secondary 
winding. It follows that, as the number of ])hases increases, the less 
the factor of utilization of the transformer w inding and the greater its 
kva rating for a given rectifier rating. Also, with connections similar 
to those shown in Fig. 48()(a), the rating of the secondaries must be 
greater than that of the primaries. 

362. Voltage and Current Ripple. —Unless the smoothing induct¬ 
ance is infinite, there must ahvays be some c.yc*lic variations in the 
current. Also, since power loads do not usually have the char¬ 
acteristics of pure resistance but involve counter emfs (as in motors) 
and inductance as well, and because of the leakage inductance in th(‘ 
transformer, a considerable ripple may appear in the voltage wave, 
causing the saw-tooth effect that w^as developed in Fig. 487(a). 
Figure 488(a)^ shows a rectified emf wave in which there is the saw¬ 
tooth ripple shown in Fig. 487(a). This voltage may be separated 
into two components, a steady d-c voltage Ed.c., Fig. 488(6), ecjual to 
the average voltage Eav in (a), and the voltage ripple. The ripple is 

^ An oscillogram of such a wave obtained from a large power rectifier is shown 
in the Trans. AIEEj October, 1928, p. 1098, Fig. 1. 
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rarely, if ever, sinusoidal. With a single-phase two-anode rectifier, the 
frequency of the fundamental component of the ripple is twice the 
power-system frequency. With a simple rectifier, the frequency 
increases proportionately with the numl)er of anod(\s. For example, 
the fundamental frecpiency of the ripple. Fig. 487(a), is six times that 
of the power freciuency. 

I 

(a) ^av. 


-T ” 

I 

(6) c 

I ' Voltage Ripple 

0 XTnAJMMXJMXT 0 

Tune — > • 

1 lit 4tSS. — Uectifiod voltago and voltage iipple. 

The rectifietl curnuit wave also may be separated into a steady 
component and a current ripple. 

By the use of sufficiently high inductance, the ripi)le in the current 
wave can be reduced to a small value. Similarly, the ripples in the 
voltage wave across the load in series vith the inductance can be 
reduced to small values, provided that the load itself does not have too 
much inductance. Usually, however, there is considerable inductance 
in the load its(4f, as in series railway motors. 

363. Average Direct-current Electromotive Force.—Since the 
d-c voltage is e(iual to the envelope pa'b'q of the sinusoidal anode 
emfs, Fig. 489, from w4iich the arc drop must be subtracted, it is 
not difficult to determine the aver¬ 
age d-c emf, provided that there is 
no inductance in the transformer. 

For example, the average' value of 
the emf envelope, Fig. 489, is ecpial 
to the area aa'67>, taken over the 
firing inte'rval ab of one anode, 
divided by the base. The base, or firing interval, ab of a single anode 
is equal to 27r/p radians, where p is the number of anodes. The area 
is readily integrated and is equal to 2Em sin (x/p), where Em is the 
crest value of the anode emfs. Hence, the average voltage 

Eav = frV' * - = Ern- sin - volts. (284) 

2t/p p t p 



a b 

1 lit. 4S9.—Aveiagc loctified cinf. 
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The average emf between cathode and center tap will be slightly 
different from this because of the arc drop. 

Example ,—(a) Dotermiiie average d-c anode enif for a foiir-anode rectifier 
when the rms emf of each secondary supplying the anodes is 460 volts. (Figure 
489 shows the emf waves for a four-anode rectifier.) The arc drop is 18 volts 
and may be assumed constant. (6) Determine approximate average emf bctw'(‘cn 
cathode and center tap. Neglect impedance drop in the transformer secondary. 

(a) E,n = 480 y/2 = 679 volts, 

p = 4, 

Using (284), 

A’.. = 679 - sin = 670 ■ - ■ 0.707 = 612 voHs. 

TT 4 TT 

(b) The arc drop must be subtracted, giving 

612 — 18 = 594 volts (approx.) Ans. 

A study of Fig. 487(a) shows that the effect of the emf of self-induction in the 
transformer windings is to reduce the anode emf Ix'low that comput('d by (284). 

GRID-CONTROLLED GASEOUS RECTIFIERS AND INVERTERS 
364, Hot-cathode Th 3 TatronJ —In Chap. XIV it is shown that 
by means of the potential applied to the grid of a vacuum tube it is 
possible to control the plate current. With gaseous tubes it is also 
possible to control the current in the tube by means of a grid, but the 
degree of control is more limited than with vacuum tubes, as will be 
shown later. There are two general t3^pes of gaseous tubes, hot- 
cathode tubes in which either the filament itself or a metallic envelope 
heated by the filament constitutes the cathode, and tub(\s or tanks in 
which a mercury pool constitutes the cathode, the device being actually 
an ordinary mercury-arc rectifier. With (dther type the current may 
be controlled by a grid either surrounding both anode and cathode or 
surrounding the anode alone. Also, there is the ignitron , in which 
the arc is initiated by an ignitor acting on the mercury pool. In each 
case, mercury vapor is ordinarily the gas used, and the pressure is from 
1 to 50 microns (m) of mercury (1 /x = 10“® m). 

366. General Electric Th 3 rratron. —In Fig. 490 are shown a cross 
section of a General Electric type FG-67 Thyratron and the details of 
its construction. 

The cathode consists of a small nickel cylinder from which multiple 
radial vanes project (four for this type of tube as shown in the top 
view in the figure). The small cylinder and vanes are coated with 

^The word thyratron is derived from the Greek and means a door. Hull, 
Albert W., “Hot-cathode Thyratrons,” Gen, Elec, Rev., April, 1929, p. 213; July, 
1929, p. 3W; Tompkins, Frederick N., “The Parallel-type Inverter,^' Trane, 
AIEEf Vol. 51, p. 707, September, 1932. 
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activating material from which the electron emission takes place. 
The vanes are surrounded by three concentric nickel cylinders, with 
spaces between, to heat-shield the vanes and thus minimize the watts 
per ampere emission. 

The cathode is heated by a single tungsten filament passing up 
through the center of the cathode and insulated from it by a small 
porcelain tube. One end of the filament terminates on a cathode 
vane. This construction of the cathode is possible since it is not 



Fia. 490.~ CoiistructiiJii of FG-67 Thyrutron. {General Electric Co.) 

necessary that the electrons emitted by the cathode travel in straight 
lines to the anode as is necessary in vacuum tubes. The ions pass 
from the cathode to anode through the open top of the heat-insulating 
cylinders. With this type of cathode construction it is possible to 
obtain an efficiency of 1.25 amperes emission per watt.^ This is about 
24 times as great as is possible mth oxide-coated filaments of the open 
type (see Fig. 412, p. 507). 

The grid consists of perforated metal completely surrounding 
both cathode and anode. There is a perforated circular disk ab 
between cathode and anode and transverse to the cylinder. The 

‘ Hull, Albert W., “Gas-Filled Thermionic Tubes,” Trans, AIEE^ Vol. 47, 
p. 753, July, 1928. 
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electrons and ions go through the perforations in passing between 
cathode and anode, as indicated by the arrows. In this type of tube 
it is necessary that the grid entirely surround both cathode and anode, 
as otherwise glass effect will prevent the proper operation of the tube. 
Charges collecting on the glass introduce potentials, which act to 
control the ions in the same manner as potentials on the grid. How¬ 
ever, in some types of tubes the grid may surround or be adjacent to 
either cathode or anode (see Fig. 498, p. 589). 

Before putting a Thyratron into service, the cathode-heater 
circuit should be operated at least 5 or G min at rated voltage and 
current. Otherwise, the tube drop will be excessive, and the cathode 
may be injured owing to bombardment by the positive ions. 

366. Grid Control.—In gaseous rectifiers the grid can control the 
arc only to the extent of either initiating it or preventing it from 

starting. When the arc once has started, 
the grid loses control and cannot extin¬ 
guish the arc. The arc can be extin¬ 
guished only by interruption of the anode 
current either by an interruption in the 
external circuit, as with alternating cur¬ 
rent, or by making the anode voltage 
negative. Since it requires from 100 to 
1,000 /isec for the gas to de-ionize, the arc 
must be extinguished for a period of at 
least this length. When once the arc is 
extinguished, the grid assumes control 
again and can either initiate or preA ent 
further current from anode to cathode. 
This is an im])ortant characteristic of all 
grid-controlled gaseous rectifiers. The 
reason that the grid cannot extinguish the 
arc is illustrated in Fig. 491, which shows the anode and cathode with 
two grid wires between them. In the space surrounding the grid are 
large quantities of positive ions and electrons, practically ecpial in num¬ 
ber. The grid, being negative, attracts the positive ions and repels the 
negative electrons. Hence, a sheath of positive ions is built up about 
the grid in the manner shown; when the tube is in operation, this can be 
observed by a dark space surrounding the grid. This sheath of posi¬ 
tive ions surrounding the grid neutralizes the negative potential of the 
grid making the grid ineffective in stopping the arc. 

In Fig. 492 are shown the grid-voltage plate-voltage character¬ 
istics of the tube, the grid voltage being the breakdown, or starting, 



-Sheath of positive ions 
oil grid. 
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voltage of the tube, that is, the grid voltage at which the anode fires. 
The breakdown voltage is quite sensitive to temperature, the temper¬ 
ature being that of the bottom of the tube, where the mercury collects. 
The grid-voltage anode-voltage characteristics given in Fig. 492, 
although specifically for an FG-57 tube, are typical for Thyratron 
tubes in general. Since considerable deviation may be expected in 
individual tubes, not only an average characteristic is given but the 
range over which the tube operates is shown by the shaded area. 
Unlike the vacuum tube, the response of the Thyratron to given values 
of grid voltage is not definite, and the response is sensitive to changes 



D-C Grid Voltage at Start of Discharge, in Volts 
Fio. 492.—Topical control chaiactetistics of Thyratron 1 G-57, condensed mercury 
temperature, 40°(\ (General Electric Co.) 

in temperature. Hence, to ensure that the tube fires or does not fire, 
as the case may be, it is desiralde to employ grid voltages considerably 
more positive or negative than those given by the tube characteristics. 

As with the mercury-arc rectifier, the tube drop for a given temper¬ 
ature is nearly independent of current and varies from 10 to 24 volts^ 
the lower value being for a temperature of approximately 75° and the 
higher value being for a temi)erature of approximately 35°C. 

367. Methods of Grid Control. —There are two common methods 
of controlling the firing of the tube by means of the grid. Figure 492 
shows that the firing of the tube can be controlled by the magnitude 
of the voltage applied to the grid. However, owing to variations of 
the breakdown voltage with temperature and among different tubes, 
a large factor of safety in the applied voltage is necessary. This 
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method is used with the grid-controlled power rectifier, Fig. 499 
(p. 590). It is always necessary to connect considerable resistance 
in series with the grid to limit the grid current. The grid, being posi¬ 
tive, is in reality an anode; and, with a constant voltage and no series 
resistance, the current to the grid will be large when the grid voltage 
exceeds the arc drop. 

Another method, commonly used, is to vary the phase of the 
voltage applied to the grid. This method of grid control is illustrated 
in Fig. 493 for a single-phase rectifier with resistance load and no 
smoothing inductance. In Fig. 493(a) and (b) are shown the anode 
voltage waves; 180° out of phase with them, the breakdown-voltage 
waves are sho^vn dotted. These breakdown-voltage waves represent 
the minimum voltage that must be applied to the grid in order that the 
tube may fire (see Fig. 492). The supply voltage of the grid circuit is 
also shown, but its phase relation to the anode voltage is different in 




Fig. 493.—Effect of phabc shift of grid potential on Thyratron output. 

Fig. 493(a) and (b). Until the time corresponding to point p is reached 
in (a), the grid potential is more negative than the value at which the 
tube will fire, as is shown by the dotted wave. Hence, up to time p, no 
current can pass from the anode to cathode. However, at time p, the 
voltage applied to the grid becomes equal to the breakdown voltage, 
and current flows during the interval represented by the shaded area. 
During this interval the grid has no control over the current, sincic the 
anode current is not affected by any potential that may be applied 
to the grid. At point g, however, the anode voltage is zero, and, 
assuming no inductance or d-c emf in the circuit, the current becomes 
zero. The gas de-ionizes, and the grid again assumes control. The 
tube will then fire again at time pi, where the grid voltage wave again 
intersects the breakdown-voltage curve. 

In Fig. 493(6), the grid-supply-voltage wave has been advanced in 
phase so that it intersects the breakdown-voltage curve at time p'. 
The tube accordingly fires at this instant and continues to deliver cur¬ 
rent until the anode voltage becomes zero at During the next 
cycle it fires at time p(. Hence, the time over which the tube is active 
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has been increased, as a comparison of the shaded areas shows. There¬ 
fore, the average value of direct current can be controlled readily by 
varying the phase of the grid voltage. The same method of control 
is adaptable to mercury-arc rectifiers. 

368. Thyratron as Rectifier.—In Fig. 494 are shown the connec¬ 
tions that are used ordinarily when the Thyratron operates as a full- 
wave rectifier. Since the filament voltage is of the order of 5 volts, a 
special transformer for the filament supply is desirable. It is also 
desiral)le that the filament supply be independent of the power trans¬ 





former, since the cathode emission is cpiite sensitive to changes in the 
filament voltage that might occur when the load on the power trans¬ 
former varies. The phase shifter consists of a small 3-phase wound- 
rotor induction motpr with a split-phase power supply (Sec. 210, 
p. 377). The grid emfs are taken from the rotor through slip rings, the 
phase shift being obtained by rotation of the rotor, the principle being 
that of the induction regulator (Sec. 202, p. 358). Another simple 
type of phase shifter is shown in Fig. 495. It consists of a capacitive 
or inductive reactor X in series with a resistor /f, as shown in (a). This 
circuit is connected across a transformer secondary ab. As the resistor 
R is varied, the locus of Eoc, the emf between the center tap o and c, the 
junction of X and ii, is the arc of a semicircle. Hence the phase of the 
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grid emf Eoc can be shifted by nearly 180° as shown by the vector 
diagram in (6). 

The circuit of Fig. 494 may be extended readily to polyphase 
rectification, and Thyratrons are used for this purpose. 

Thyratron rectifiers having low power ratings have many industrial 
applications, such as regulators for alternator fields, for amplifying 
power derived from photoelectric cells, for lamp dimming in theaters, 
for precise timing of the current in welding operations, and for many 
applications requiring rectification, relaying, and control (see footnote, 
p. 578). 

THYRATRON AS INVERTER 

369. Simple Inverter Action.—The Thyratron may be used also for 
inverting, that is, converting direct into alternating current. The 



control voltage on the grids is alternating, and ils fi-cKpiency is that 
desired for the alternating current. This voltage may be obtained 
from a small alternator or some other suitable source. 

When the tube operates as a rectifier, the grid has opportunity to 
assume control twice during each cycle, since the anodi» current auto¬ 
matically goes through zero twice during each cycle. However, with 
steady direct current supplied to the anodes, the grid, once it has 
permitted current flow, cannot stop it, no matter how nc'gative its 
potential becomes. Hence, means must be found to mak(^ tlu* anode 
negative or to make the current flowing to it zero for an interval at 
least equal to the de-ionization time of the gas. In circuits in wdiich 
only small amounts of power are involved, this may be accomplished 
by the use of a capacitor. 

In order to illustrate the method by which the direct (*urrent can be 
inverted into alternating current, the circuit in Fig. 49() is shown. 
Two Thyratron tubes A and B are used. The positive d-c conductor 
connects to the center of the load resistor, and the negative d-c con- 
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ductor connects to the cathodes of the two tubes. An alternating 
emf is applied to the grids through the giid transformer, and the grids 
are shown as having a slight negative bias, although this is not neces¬ 
sary. A capacitor C is connected between the anodes of the tubes. 

Assume that the voltage of the d-c system is 500 volts, that the 
negative conductor is at zero potential, that tube A is firing, and that 
tube B is not firing as its grid at the instant is too negative. The cur¬ 
rent flows from tlu' positive line through the left-hand side of the load 
resistor to a, the anode and cathode to the negative d-c conductor. 
Since the tube drop is 15 volts, the potential of anode A is +15 volts. 
Hence, the terminal a' of the capacitor C is +15 volts. Since no 
current flows through the right-hand portion of the load resistor after 
the capacitor has become* fully charged, the potential of the anode of 
tube B becomes +500 volts and terminal h' of the capacitor is also at a 
potential of +500 volts, '’idius there is 485 volts across the capacitor, 
and its charge is proportional to the voltage. 

Now" assume that the potential of the grid of tube B reaches the 
firing value. The potential of its anode and also of the right-hand 
plate 5' of capacitor C diops suddenly from +485 to +15 volts. 
Therefore the capacitor discharges suddenly, the positive charge going 
through tube B to the lU'gative conductor of the d-c system. The 
negative (*harge on the left-hand plate a' of the capacitor will be 
neutralized by a positive charge coming through the load resistor to a 
and to the left-hand capacitor plate. The time of discharge is so 
short that the cuireiit to the negative ])late is large momentarily; and 
since the transient imp('dance of the capacitor is small compared with 
that of the resistor, the anode A is deprived momentarily of its current. 
The anode* current thus is reduced to zero for an interval that exceeds 
the de-ionization time of the tube, and the grid again assumes control. 

This action of the capacitor also may be analyzed from the voltage 
point of view'. The anode a and the plate a' of the capacitor C are +15 
volts above the potential of the cathode, but both are 485 volts nega¬ 
tive to plate b'. When tube B fires, the potential of plate b' suddenly 
drops to +15 volts. It requires time, although very brief, for the 
capacitor to discharge, and the capacitor will maintain its potential 
momentarily. This makes the potential of anode a 

+ 15 - 485 = -470 volts 

momentarily, but the potential decreases as the capacitor discharges. 
Hence, if the capacitance of the capacitor is sufRcic'ntly great, the 
duration of negative anode potential wdll exceed the de-ionization 
time of the tube, the anode current will become zero, and the grid 
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will assume control. When the anode of tube A permits the tube 
to fire again, the current to the anode of tube B is similarly interrupted 
by the capacitor discharge 

The alternating-current wave will not be sinusoidal; but, in the 
more practical circuit. Fig. 497, the leakage inductances of the trans¬ 
former reduce the harmonics, and a wave shape approaching the 
sinusoidal may be obtained. 

360. Inverter Circuit.—The alternating-current circuit of Fig. 496 
would not be useful ordinarily. A more practical circuit is shown in 
Fig 497, in which the direct current feeds through an inductance L 
in the positive direct-current line, which acts as a choke to prevent 



Fk, 407 Iiucitoi (iKuit foi (}uiij>;iiig diKK't to alternating curient. 

the altei-nating curi'ent fi-om flowing into the direct-current system. 
Instead of feeding to the center ol the load i-esistance, the positive 
diiTct-curreiit conductor feeds to the center tap o of the primary ab 
of a transformer. The secondary of this transformer supplies the 
alternating-cur-r-ent load. Otherwise, the circuit is essentially that of 
Fig. 496. 

When the inductance L is small and the leakage reactance and 
resistance of the tr*ansformer ar*e considerable, the circuit liecomes 
somewhat difficult to analyze owdng to the several emfs of self-induction. 
For example, assume that tul>e A is firing. The resistance of the 
winding oa must be very small. If the direct-current system be 
assumed to be a 500-volt one, the potential of the positive terminal of 
the direct-current system at the instant must be +500 volts, and that 
of terminal a or of the anode of tube A is +15 volts. Hence, 485 
volts drop must occur in the inductance L and the winding oa. Since 
the resistance of both of these windings is negligible, this drop can be 
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due only to the applied direct-current emf overcoming emfs of self¬ 
inductance in L and self- and mutual inductance in the winding oa. 

It can be shown that, with a sufficiently leading current in the 
alternating-current system, the system is operative without capacitor 
C. In a power system, the inverter is operative if overexcited syn¬ 
chronous apparatus is connected to the alternating-current system. 
For example, the counter emf of an overexcited synchronous motor 
reacting with the self- and mutual inductances of the transformer 
momentarily induces in the winding ao a counter emf exceeding the emf 
from 0 to a produced by the d-c system. This reduces to zero the 
current to anode A and even tends to reverse the current that had a 
direction from o to a, but because of the rectifying action of the tube 
the current cannot reverse. However, since the (‘urn'iit is reduced to 
zero momentarily, the tube A is given time to de-ionize, and the grid 
again assumes control. During the next half-cycle similar action 
takes place with anode B. Thus the winding ab is subjected to a 
series of d-c pulses of opposite })olarity, a pulse going first in the direc¬ 
tion oa, then ob. This induces an alternating emf in the output wind¬ 
ing of the transformer. The outpiit emf wave will be more or less 
flat-topped. How^ever, it is possible to combine the (‘urrents of several 
tubes whose firing is displaced in time, thus obtaining more nearly 
sinusoidal waves (see Fig. 104, j). 180). It is possible to obtain a 
fairly w^ell-roundcd wave wdtli two singh^ tub(*s giving full-waive 
rectification. 

When a system passes from rectifier to inverter action, the direct- 
current powa*r must reverse. The current cannot reverse since its 
direction through the rectifier is fixed by the valve action. Hence, the 
direct-current voltage must reverse. This is opposite to the effect 
obtained Avith the synchronous-motor direct-current-generator sets 
and synchronous converters, for w4iich the current in the direct- 
current system reverses when the ])Ower revers(\s. 

361. Ratings of Thyratrons.—P'ollowing is given the rating of a 
few typical Thyratrons. It will lx* noted that, with the exception of 
FG-81, Avhich is filled Avith gas, they are capable of rectifying relatively 
large values of power for their size, 

Thyratrons wdth a rating as high as 200 amp at 20,000 volts have 
been developed, on an experimental basis at least, and by the use of 
such high-voltage tubes it is proposed to rectify alternating current to 
direct current for power transmission and to invert the direct current 
at the receiving end for alternating-current distribution. However, 
because of the limited life of activated cathodes, mercury cathodes will 
undoubtedly be used for any considerable amounts of power. 
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Type* 

Maxi¬ 

mum 

length, 

m. 

Diam¬ 
eter, in. 

Cathode 

Maxi¬ 

mum 

peak, 

volts 

Maximum 
plate, amp 

Grid 

amp, 

average 

Volts 

Amp 

Instan¬ 

taneous 

Aver¬ 

age 

FO-81 1 

6^ 


2 5 

5 0 

180 

2 0 

0 5 

0 05 

FG-67 

7 

3 

5 0 

4 5 

1,000 

15 0 

2 5 

0 25 

F(;-53 

20'2 

8?4 

5 0 

65 0 

1,500 

600 0 

100 0 

1 0 

FO-17 


2Ji(> 

2 5 

5 0 

2,500 

2 0 

0 5 

0 05 

FG-29 

W's 


5 0 

17 5 

3,500 

75 0 

12 5 

1 0 

FG-41 


5^16 

5 0 

20 0 

10,000 

75 0 

12 5 

1 0 


♦GeiiPtal Electric (\iiiipiiny. 


362. Power Rectifiers with Grid Control.—The methods of grid 
control of the Thynitron output (Sees. 350 and 357) are also applicable 
to large power mercury-are rectifiers. By means of energized grids it 
becomes possible to control and regulate the output voltage ot the 
rectifier and even to obtain comj)ounding. Also^ after a backfire 
has occurrc'd, the use of grids makes it possible to restore the rectifier 
to normal operating conditions before the circuit breakers can act, 
by the (piick application of a negative potential to the grids. 

In Fig. 498 is shown a <*ross-sectional view of an Allis-Chalmers 
multianode steel-tank rectifier with grid control. The mercury- 
cathode pool, located at the bottom of the arc chamber, is contained 
within a (piartz cylinder, and the cathode is insulated from the tank 
by means of a mica ''cathode gasket.'' The anodes, which may be 
6, 12, 18, or 2f in number, are fabricated from ferrous or graphitic 
material of high purity and are arranged in a circle. They are screwed 
to the steel anode shafts, Avhich are insulated from the cover of the 
tank by m(\ans of glass or ceramic material. The anodes are sur¬ 
rounded by sleeves, or housings fastened to the anode, insulated 
as shown at the right-hand side, or to the anode plate as shown 
at the left-hand side. The anodes in some types of rectifiers are 
equipped with water-cooled fin-type radiators or a self-contained 
cooling system, both of which are shown in Fig. 498. Some are also 
provided with heaters to prevent condensation of mercury at light 
loads. The control grids are of either metal or graphite and are sup¬ 
ported by the sleeves or ancde housing. The external electrical 
connection to tae grids is made to the grid inlet, which is insulated 
from the tank by a burning. Ihe connection from the inlet to the 
grids is made with a flexible lead. 

At the top of the tank is a water-cooled condensing chamber, and 
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below it is an internal cooling coil, both of which condense the mercury 
vapor, which in liquid form runs down into the cathode pool. In 
order to start the arc, a starting anode, or ignition rod, extends from 
the top of the condensing chamber down to the cathode. When the 
starting switch is closed, the starting anode is energized and a solenoid 
at its upper end causes it to make contact with the mercury. The 
solenoid is then caused to be de-energized, and a spring raises the anode 



Fic,. 498.—C'loss st'clion of sinjilo-tiiiik multi-;inocle nicicm>-an* rcdifh'r. (AUts 

Chalrmrs Mfg. C >.) 

and thus draws out the arc. If the ano(^) hap])ens to l>e of the wrong 
polarity, the anode restrikes until the polarity is correct and the arc is 
established. Two (*\citation anodes, one of which is shown in the arc 
chamber, maintain arcs continuously, irrespective of the power arcs. 
This ensures continuity of operation, particularly at light loads when 
the power arcs may not be sufficient to maintain the cathode spot. 

The entire case is water-jacketed for adequate cooling. A vacuum 
pump, callable of maintaining the vacuum from 0.01 to 0.001 mm of 
mercury, is necessary for most steel-tank rectifiers. 

Large rectifiers of the glass-bulb type, made from strong heat- 
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resisting glass, with as many as 6 to 12 anodes and with rating up to 
1,000 amp and 20,000 volts, now are being built. Such rectifiers are 
glass-sealed and retain their initial vacuum for the life of the rectifier. 

363. Connections for Grid Control. —In Fig. 499 are shown the 
connections used by the Allis-Chalmers Company in their 12-anode 
grid-controlled rectifier, which is supplied by a transformer, Y-con- 
nected on the primary and having a double 6-phase secondary connec¬ 
tion with inteiphase transformers, or balance coils. The individual 
coils of the power and the grid transformers are represented by st raight 



Smoothing 

Inductance 


Fig. 49U. Gri(l-c()utr()ll(*(l .S-plia.se iiiercury-arr rectifier witli interphase transformers. 

lines, their directions demoting the phase of theii' respective voltages. 
The number at the end of each coil of the power-transformer secondary 
shows the anode to Avhich it is connected. The arrows show the direc¬ 
tion of vector rotation. In each system the coil emfs have a phase 
relation of 60°. That is, in the upper system, were the balance coil 
not active, the 60° i)hase secjuencc of the emfs is 1-2-3-4-5-6. In the 
lower system, emf 7 is in ])hase with emf 1 of the upper system, etc., 
and the phase sequence is 7-8-9-10-11-12. 

Transformer secondaries 1, 3, 5 and 2, 4, 6 constitute two 3-phase 
Y-connccted systems. If their neutrals were connected together 
solidly, a ()-phase star system would result. If the rectifier anodes are 
fed from a 6-phase system, each transformer secondary operates during 
only one-sixth the time, whereas, with a 3-phase transformer, each 
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transformer secondary operates during one-third the time. The 
regulation of the transformer is better under the 3-phase conditions 
than under the O-phase conditions. Better economy and better 
regulation are obtained if 3-phase operation is possible. The objection 
to 3-phase operation is the large ripple in the rectifier emf and current 
waves [cf. Figs. 485(6) and 487(a), pp. 572 and 674]. By connecting 
the interphase transformer, or balance coil,^ between neutrals, it 
becomes possible to operate the two 3-phase systems in parallel, 
even though no voltage in one system is in phase with any voltage of 
the other system. That is, the balance coil equalizes the voltage 
between systems. For example, without the balance coil, anodes 
corresponding to coils 1 and 2, Fig. 499, (‘annot operate in parallel 
since the arc always transfers to the an()d(‘ at the higher potential. 
However, if anode 1 starts to fire, its current flows through the left- 
hand side of the balance coil, thus reducing the potential of anode 1. 
Since the balance coil is a mutual indu(*tance or an aiitotransformer, 
the change of current in the left-hand side (*auses an emf to be induced 
in the right-hand side, thus raising the emf of anode 2, bringing the two 
anodes to equality of potential. Hence, the l)alance (‘oil always brings 
the anodes that are firing to an equality of })otential and permits the 
parallel operation of two systems that are out of phase with each other. 

In a similar manner, anodes 7 and 8 of the second system can 
operate in parallel. Also, since emfs 1 and 7, 2 and 8, etc., are in phase 
with each other, the upper and lower systems will operate in i)arallel 
through the neutrals of the balance coils. Owing to the effect of the 
balance coils and the overlapping, anodes 1, 7, 2, 8 all operate to carry 
equal currents simultaneously. An instant later, anodes 7, 2, 8, 3 
all operate simultaneously, etc. Also, in this type of rectifier, another 
arrangement is to locate anode 7 diametrically opposite anode 1, 
anode 8 oppe^site anode 2, etc., so that anodes 1 and 7, 2 and 8, etc., 
fire .simultaneously. Owing to overlap, anodes 1 and 3 will be firing 
together for a portion of the firing interval; the same is true of anodes 7 
and 9, etc. Thus there are two diametrically opposite arcs rotating 
within the tank, not unlike the rotating field of a 2-polc induction 
motor. 

The grid-transformer primary is connected in delta and must 
receive its power from the same alternating-current source as the 
powder transformer. The secondaries aie connected in 6-phase star 
with 460 volts diametrical or 230 volts to neutral. Since the emfs to 
anodes 1 and 7 are in phase with each other, their grids can be supplied 

^ For a more detailed analysis see O K. Mabti and 11. Winograd, Mercury 
Arc Rectifiers,’' pp. 127-130, McGraw-Hill Book Company, Inc., 1930. 
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by the same grid-transformer secondary coil, the secondary coil 1, 7 
connecting to grids 1 and 7, etc. Protective resistances ^^ith a pilot 
lamp are connected in sei*ies with each grid, as is shown for grids 1 
and 7. The phase relations between the grid-transformer emfs and 
the powder-transformer emfs must be adjusted correctly. 

364. Grid Control in Power Rectifier. —Grid control is acicom- 
plished by variation of the magnitude of the giid voltages rather than 
by shifting the phase, as in Fig. 493. The neutral of the grid-trans¬ 
former secondary. Fig. 499, is connected to a potentiometer wdre ab, 
which is connected betw^een the positive-power, or cathode, conductor 
and the negative-power conductor. The ai)pro\imate values of 
resistance in the potentiometer circuit are indicated. By changing 
the positions of the contacts a and c, the potential of the grid sytem 
above the cathode can ])e controlled. 

In the actual rectifier the regulation is automatic. The contacts a 
and c are actuated by a regulator, wdiich acts in response to changes in 
line voltage. Also, the regulator may be comi^ensated for line drop, 
thus giving the rectifier a rising characteristic*. Hence, the mercury- 
arc rectifier, like* the direct-current generator, is very flexible in the 
matter of regulation and voltage control. 

366. Ignitron. —The disadvantages of the miiltianode single-tank 
rectifier aie as follows: A continuous arc must be maintained by means 
of an auxiliary anode, with resulting energy loss; diffuse ionization is 
always jiresent in the tank, which is eonduchc* to backfiring; the 
starting of the arc and its (*ontiol are obtained by separate means, 
the control element usually being a grid. It is necessary to have 
extensive splash baffles extending for a considerable distance below the 
anodes in order to pre\ent the meicuiy blast striking the anode sur¬ 
faces directly and thus increasing the ojiportunities for backfire. 
Moreover, the path of the arc is constricted by the baffles, and the 
baffles also cause the arc to take a curved and thus not the most 
direct path between anode and cathode. All these* factors produce a 
high arc drop, usually betw een 25 and 30 volts and frequently higher. 
Also, it is necessary to insulate the cathode pool from the tank; 
otherwise, the arcs would tend to strike the sides of the tank. The 
tight insulated seal that is necessary adds considerat)ly to the cost. 
Moreover, it became desirable to develop a 220-volt rectifier, w^hich 
had a high efficiency, not obtainafde wdth a 25- to 30-volt arc drop. 

All these factors led to the development of the ignitron, which is a 
single half-w^ave mercury-arc unit in which the ignition of the arc and 
iis control are both accomplished by the same clement. A cross 
section of a sealed-in unit is shown in Fig. 500. 
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The main anode is of graphite, and the cathode is a mercury pool. 
The steel tank is water-jacketed. The firing is accomplished by an 
ignitor, invented by Slepian and Ludwig of the Westinghouse Electric 
Corporation. The starting ignitor is a pointed rod of high-resistance 
refractory material, the pointed end of which dips into the mercury 
pool. When a positive current impulse, usually of 20 to 40 amp, is 
delivered to the ignitor, a spark occurs at the junction of the ignitor 
and the mercury pool and this spark instantly develops into a small 



Fig. 500.—Cross-hcrtioiiiU viow of tlit* sealed if?mtron for power-rectifier sorvieo 

{Gennal EUctric Co.) 

cathode spot, which ionizes the mercury; if the anode is sufficiently 
positive, an arc strikes from anode to cathode. The entire process 
re(iuires only a few microse(*onds so that very precise timing is obtained. 
The arc is extinguished during the following half-cycle, when the anode- 
cathode potential reverst^s, and the current for the half-cycle goes to 
zero. In some ignitrons, after the arc has been ignited, an auxiliary, 
or holding, anode functions to maintain the cathode spot for the 
remainder of the conduction period, while the main anode fires. This 
ensures sufficient ionization to tmable the main anode to operate stead¬ 
ily with very small load currents. The power output can be controlled 
by timing the firing by means of the ignitor, usually by shifting the 
phase of the pulse to the ignitor. 
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Thus the ignitron is nonconducting except when actually firing, and 
accordingly the danger of backfire is minimized. The arc need not be 
restricted closely by baffles, there is a direct arc path from anode to 
cathode, and owing to the fact that there is but one anode per tank 
it is possible geometrically that anode and cathode be relatively close 
together. All these factors reduce the arc drop to 12 to 18 volts, 
making the rectifier efficient for 220-volt circuits. Moreover, wdth a 
single anode per tank, it is not necessary to insulate the cathode pool, 
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I'lc, 501.— Pumped ignition moioui\-arc rectifiei, 4,2.50 kw, S50 \olts (d-r). {Gtncial 

Elect I ic C o ) 

which reduces the cost. The single units may l)e connected in 3-phase, 
G-phase, or 12-phase combinat ions just as the anodes of a single tank are 
connected, the tanks being all connected together to act as a single 
cathode. Fig. 501. In the smaller ratings, sealed-in glass tubes are 
used; in the intermediate ratings, sealed-in water-cooled metal tanks, 
Fig. 500, are used. In the larger power units, pumped all-steel water- 
cooled tanks are used, a 6-phase unit of this type being shown in Fig. 
501. 

366. Ignitron Connections. —In Fig. 502 is shown a diagram of 
connections for a typical ignitron system with delta-connected trans- 
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former primaries and double-Y-conneoted secondaries, with an inter¬ 
phase transformer. For simplicity, in parts of the diagram the 
connections of only one phase are shown. The .anodes of the ignitrons 
are connected consecutively to the terminals of the transformer 
secondaries in the same manner as corresponding multiple-tank anwles. 
The tanks and hence cathodes arc all connec ted together to form the 
positive terminal of the system. 1 he direct current i.s returned to 
the center of the interphase transformer. The interj)hase transformer 


Main S-phaac power system 



Fig, 502.—Wiring diagram of typifal 25()-volt doul)l(‘-Y-t*<)iinectod soalod-igiiiti tm 
rertifier. {GenvraJ EUctric Co,) 


operates in the same manner as the iiiterphase transformers between 
the Y\s in Fi^. 499. That is, it assists in commutating the current 
from anode to anode, as f<jr example from the anode of ignitron 1 to 
that of 2, and it makes ])()ssil>lc the simultaneous firing of two anodes, 
one in each 3-phase secondary group. 

One phase only of the control circuit is shown. The current- 
limiting high-voltage fuses are interlocked with the main a-c rectifier 
feeder breaker, so that if one trips or blows the other will operate 
simultaneously. The control is effected by a phase-shifting circuit 
supplied by the secondary S of a small transformer having primary P, 
The reactance of the saturable reactor can be varied by changing the 
saturation of its core mth an adjustable d-c current flowing in a wind- 
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ing on the reactor. The direct current is supplied through auxiliary 
circuits, not shown, which in turn control the magnitude of the d-o 
current by means of rheostats and regulators. Varying the reactance 
of the saturable reactor shifts the phase of the voltage Ee \\lth respect 
to the supply voltage, and thus the firing time can be controlled, 
Fig. 493 (p. 582). 

The remainder of the network generates the impulses to the ignitors. 
The capacitor C charges through the linear reactor on the rising voltage 
wave, the linear reactor having constant reactance throughout its 
range of operation. When the capacitor C becomes charged, the 
saturating reactor is designed to become saturated and the capacitor 
can discharge readily through its low reactance and one of the rectifiers 
R to the ignitor. The rectifiers R prevent reverse current flowing 
through the ignitors. The autotransformers, with a center-tap con¬ 
nection to the cathodes, provide a return path for the ignitor current 
besides permitting the simultaneous firing of two ignitors, which differ 
in phase by 180®. Thus, in Fig. 502, ignitors 3 and 6 fire simul¬ 
taneously. Six-phase secondaries aS' supply power in sequence to the 
holding anodes. Terminal 0' is shown connected to the holding anode 
in 6; 3' would be connected to the holding anode in 3. 

367. Excitron.—"llie excitron^ is a single-tank grid-controlled 
rectifier developed by the Allis-Chalmers Company. Unlike the 
ignitron, a continuous arc is maintained by an excitation anode close 
to the cathode pool. A perforated basket-type grid completely sur¬ 
rounds the anode. The cathode pool is not insulated from the tank; 
and, with continuous excitation, arcing to the tank might occur. 
This is prevented by an insulated helical copper cooling coil within 
the tank and concentric with it. The turns of the coil are wound 
close together so that the arc cannot strike through them to the wall 
of the tank. As with the Thyratron and multianode tank, the firing 
is controlled by the potential applied to the grid. ^J^he arc drop is 
17 to 20 volts. 

Grid-controlled rectifiers, ignitrons, and excitrons all may be 
operated as inverters. 

368. Backfiring.—The major factor affecting the reliability of 
mercury-arc rectifiers is their tendency to backfire, or arc-back, that 
is, for an anode to develop a hot spot, emit electrons, and become a 
cathode. Current is immediately supplied to it from the other anodes; 
and as there is no load in series, a short circuit through the transformer 
secondaries results. The current is limited only by the resistance and 

^ WiNOGRAD, H., “Development of Excitron-type Rectifier,^' Trans. AIEE^ 
Vol. 33, p. 969, 1944. 
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the leakEge reactance of the transformer. If the backfire continues, 
the breaker is tripped and service is interrupted. To minimize back¬ 
firing, the anodes are made of steel or graphite, since the.se materials 
dissipate heat readily, graphite having the property of very high heat 
radiation. Also, the anodes are well cooled, by either air or circulat¬ 
ing water. Fig. 498. The object of the anode shields is to make it 
more difficult for arcs to occur between anodes. 



Fid. 503.— Effioieiu-iea uf a-o to d-c convc'i ting appaiatiis. 


In most rectifiers, when }>ackrii’e occurs, further firing is immedi¬ 
ately stopped by applying negative potential to the grid or interrupt¬ 
ing the power to the ignitor. Usually the rectifier resumes service 
after a few cycles without having tripped the breaker. 

369. Efficiencies of Rectifiers.—Since the arc drop of rectifiers is 
nearly constant, their efficiencies increase with voltage rating. For 
example, the efficiency at an output voltage of 100 volts of an ignitron 
with 20 volts arc drop cannot exceed 83}per cent, whereas at 200 
volts the corresponding efficiency would be 91 per cent and at 600 
volts nearly 97 per cent. Thus, the efficiency increases rapidly with 
voltage. At 2,000 volts the efficiency approaches 99 per cent. In 
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Fig. 503 are shown typical eflSciency curves of rectifier units (wfith 
transformers) together with those for a synchronous-motor-generator 
set and a synchronous converter (without transformers). The 
rectifier and ignitron efficiencies do not vary much from 20 per cent 
load to overloads and thus at light loads are superior to rotating 
machinery. Note that the efficiencies of the 250-volt ignitron are 
much less than those for the 000-volt ignitron; at (>00 volts there is 
little difference in the efficiencies of the multianode and the ignitron 
rectifier. Although the cost of rectifiers is somewhat greater than for 
synchronous converters, rectifiers are now preferred to the converter 
and motor-generator set in a large proportion of installations, because 
of their higher efficiency, lesser weight, independence of frecpiency, and 
the fact that they can withstand heavy overloads without difficulty. 
They are widely used for d-c powder supply for electrolytic work, rail¬ 
roads, steel mills, and motor control (Sec. 370). 

370. Electronic Control of Motors.—Alternating-current motors, 
particularly the induction motor, are admirably adapted to constant- 
speed drive but are not wtII adapted to applications recpiiring variable 
and adjustable speeds. Hence, it is fi-e(iuently necessary to convert 
alternating to direct current and (*mi)loy d-c motors in order to obtain 
the desired speed characteristics. However, even with constant d-c 
voltages the speed range of shunt motors employing fi(dd control is at 
best only 5 to 1. With armature-resistance control a speed ratio of 
20 to I is readily obtainable; but except at the higher speeds this 
method is extremely inefficient, and the speed regulation is poor (Vol. I, 
Chap. Xlll). 

By the use of electronic tubes, however, it })ecomes possible to 
operate d-c motors from a-c supply and at the same time, with arma¬ 
ture control, to obtain a speed range of 50 to 1 and, by means of field 
control, to obtain a speed range of 4 to 1, thus giving an over-all range 
of 200 to 1. In addition, the motor-generator set or synchronous 
converter for converting to direct current is not necessary. Thus, even 
with the arc drops, the electronic-tube method of control is usually 
the more efficient method and has a higher d(*gree of flexibility. For 
example, it becomes possible by means of electi onic tubes to obtain a 
wide range of speed characteristics, such as a decrease of speed with 
load, constant speed for each speed setting, and rapid controlled 
acceleration and reversals without the current exceeding safe values. 

In Fig. 504 is shown a simplified diagram of the Mot-O-Trol system 
of the Westinghouse Electric Corporation. For simplicity, three 
vacuum tubes and a rectifier tube, which for the most part actuate the 
control circuits, and most of the auxiliary circuits are omitted. A 
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single-phase system is shown, although it is not diffieult to employ 
the same principle for polyphase circuits. 

Power is supplied by transformer T \, Inch is shown as having two 
secondaries aSi, with a center tap o, and aSo. The secondary Si is 
connected in the usual manner with Thyratrons (1) and (2) to provide 
full-wave rectification for current to the motor armature. By means 
of relays, switches aSJ, aSJ can be closed simultaneously to produce 
rotation in one direction and S^j ^2 he closinl simultaneously to 
provide rotation in the reverse direction. The resistor /fifi has low 
resistance and provides a voltage drop that acts in the grid circuit of a 
vacuum tube to control speed, such, for example, as maintaining the 



speed constant with change of tor(|ue load. P"or example, an increase 
in load on the motor increases the voltage drop in /**!,„ which acting 
in the grid circuit of a vacuum tube causes the ])late current to increase 
the angle of filing of Thyratrons (1) and (2), thus supplying more 
current to the armature and t(*nding to maintain the speed. 

The dephasing circuit connected to the secondary of transformer 
T2, with the resistors r,r and the capacitor C, supplies a-c voltage, 
lagging by 90° the anode voltage of the two Thyratrons. This voltage 
is applied to the grids of the t^vo Thyratrons (1) and (2) by means of 
the two secondaries of the transformer 3’5. A d-c emf applied in series 
with these quadrature emfs can be made to advance or retaid the angle 
of firing of the Thyratrons. This d-c emf may be applied manually 
by means of a voltage divider P 2 and thus controls the firing of the 
tubes and hence the speed. In the actual system the grids of vacuum 
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tubes are in shunt with the control circuits so that the voltage drops 
across the resistance in these circuits or across the resistance Ru 
change the grid voltage and hence the plate emf. Changes in the 
plate emfs of the vacuum tube raise or lower the grid emfs of Thyra- 
trons (1) and (2) and control the power supplied to the motor armature. 
For example, the voltage drop across is proportional to the voltage 
across the motor armature, and the firing of the Thyratrons can be 
made to respond thereto. In the actual apparatus, the speed can be 
set to any desired value, and the tube system can automatically 
maintain the speed constant at all loads. Reversing is automatically 
effected by pressing the “reverse” button. 

The field circuit is supplied by a combination of Thyratron (3) and 
a phanotron, a gas-filled diode rectifier. When the upper line is 
positive, current flows from anode to cathode and through the field, 
which is shunted by a high resistance' r'. When the current through 
the Thyratron attempts to leverse, it is cut eiff. The self-inductance 
of the field, which is high, tends to prevent change of current. The 
direction of the emf of self-induction is such that the upper field 
terminal becomes negative to the lower line (which is now positive), 
and during this half-cycle the field draws current through the phano¬ 
tron. This is called a “free-wheeling” circuit. 

Like Thyratrons (1) and (2) the grid circuit of Thyratron (3) is 
supplied by the dephasing circuit, and a hand-operated potentiometer 
P 2 supplying direct current can be used to control the firing of the tube. 
As with the armature circuit, vacuum tul)es are connected to cooperate 
with the field circuit for automatic control. The tw'o tran.sformer 
secondaries TrF. are the secondaries of filament transformers, the 
primaries not being shown. 
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Circular Measure—The Radian 


The radian is a circular angle suhi ended by an arc* 
equal in length to the radius of its circle, as shown in 
the figure. The circle has a radius of r units, and the 
radian is subtcnd(*d by an arc whose length is r units. 

As the circumference of a circle is 27rr units, there 
must be 27r, or 6.2S3, radians in t3r)0“. 33i('r('fore, 1 radian 

equals 3G072ir = 57.3(r. It follows that 180° = tt 
radians. 

Angular velocity is often expressed in radians per second, and the accepted 
symbol is w (omega). In every revolution, a rotating (piantjty completc's "Ztt 
radians. If the rotating quantity makes u revolutions p(‘r second, its angular 
velocity 0 } — 27 rn radians per second. 

APPENDIX B 



Trigonometry—Simple Functions 

1 . The sine (sin) of an ar»gle 

2. The cosine (cos) of an angle 

3 . The tangent (tJin) of an angle 

4 . The cotangent (cot) = 1/tan 
3 . The secant (sec) = 1/cos 
6 . The cosecant (cosec) = 1 /sin 

7. sin A 

8. cos A 

9. tan A 


=5 opposite side/hypotenuse 
= adjacent side/hypotenuse 
= opj>osite sid(‘/adjac(‘Tit side 
« adjaccuit sid(‘/oi)posit(‘ side 
— hypotenus('/a(ljae(*nt side 
= hypotc‘mise/o])j)Osit(‘ si(h‘ 



a fc 
b/c 
a/b 


10. cot .1 = b/a — 1/tan A 

11. s('e .1 = c/b — 1 /cos d 

12. cosec A = c/(t — 1/sin A 


14. 



Ratio of sides in a right isos¬ 
celes triangle 

sin 5 = 6/c = cos A == cos (90° - B), since A 
cos B = a/c = sin A = sin (90° — B) 
sin A _ o/c 
cos A h/c 

18. sin 30° - 0.5 


16. 

16. 

17. 


Ratio of sides in a 30—G0° 
right triangle* 

90° - R 


^ = tan A 
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19. cos aO” = V3/2 = 0.86(5 

20. sin 60° = \/3/2 = 0.866 

21. cos 60° = 0.5 

22. tan 30° = \/y/Z = 0.577 

23. tan 60° = V3 = 1.732 

24. sin 45° = cos 45° = \/y/2 
26. tan 45° = 1.0 


0.707 
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APPENDIX C 

Functions of Angles Greater than 90° 

(oh the radius vertor is always positive) 
Fiust Quadrant 






o \ a 


5 ^ 


-+ 

. 4 oh 

= M. 

sin is (4-) 


-\-on 
= +oh 

cos is (4*) 


Urn ,1 = 

tan is ( 4-) 


Ski'ond Qi 

\DR\\'l 

- + 

. . \-oh 

sin .1 = y 

+oh 

.sin is ( -h) 


-00 

<.OS .1 = 

cos is ( —) 


tiMIl .1 = 

— oa 

tan is ( —) 


Third C^i 

XDRW'I 

-+ 

— oh 
■' = +oi, 

sin is (--) 


A 

cos is ( —) 


— at) 

tan A = — 

— oo 

tan is (4 ) 


Foi RTII 

1 \ DR A NT 


-ah 

«■" = +oh 

Sin is ( —) 

-+ 

\-oa 

cos is ( 4-) 


— ah 

tan .1 - , 

4 oa 

A-oh 

sin (4 4) == 

tan is ( —) 

b 

. -a// 

sin (-4) = 

— — sin A ah 





ah' 


(Also, see (irapliie Representation of Trigonometric Functions, p. G04.) 
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26 . sin (-'^) == — sill .1 
cos = 


-{-oa ^ 
-ho6^’ 


27 . cos {—A) = cos A 

28 . sin (90® + a:) = cos x 

29 . cos (90® + a:) = — sin x 

30 . tan (90° -fa;) = — rot x 

31 . sin (180° — a;) = sin x 

32 . cos (180° — a*) = — cos x 

33. tan (180° — x) = — tan x 


cos (—A) 


A-oa 

-\-oh' 


cos A 
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APPENDIX D 


Simple Trigonometric Formulas 



34 . 

35 . 

36 . 

37 . 

38 . 

39 . 

40 . 

41 . 

42 . 

43 . 

44 . 


-h 62 = C2 

a 2 ^ _ c2 ^ 

c2 c2 c2 ^ 


Since sin x = — 
c 

sin* X + cos* a: = 1 
sec* a; = 1 + tan* x 
sin {x + y) = sin x cos y + 'os 

sin (x — y) = sin x cos // — cos 

cos (x 4“ 2/) = cos X cos y — sin 

cos {x — y) = cos X cos y + sin 

— ^ + t an y 

tan X tan y 
tan X — tan y 

1 + tan X tan y 

2 sin X cos x 
cos* X — sin* X 

2 tan X 


tan (x + 2/) = j 

tan (x — y) = 

sin 2a; = 
cos 2x = 

tan 2x — 


1 — tan*x 


cos X = 


X sin y 
X sin y 
X sin y 
X sin y 


b 

c 



Law of Cosines.- - In any triangle the square of any si(i(‘ is 
the squares of the other two sides minus twice the product of 
the cosine of their included angle. 

That is, 


46 . a* 

47 . cos A 


= 6* + c* — 26c cos A 
62 + c* - a* 

2bc 


equal to the sum of 
these two sides into 


48 . cos B = 


c* + - b^ 

2ca 

a* -}■ 6* — c* 
2ab 


49 . cos C 
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MATHEMATICAL TABLES 
Natural Sines and Cosines 

Nom —For oosines use righi-hand column of deRrees and lower line of tenths 



















































































APPENDIX 
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Natural Sines and Cosines.— {Concluded) 


Deg 

*0 0 

•0 1 


*0 2 

*0 3 

*0 4 

*0 5 

“0 6 

*0 7 

*0 8 

*0 9 

*1 0 


45 

0 

7071 

0 

7083 

0 

7096 

0 

7108 

0 

7120 

0 

7133 

0 

7145 

0 

7157 

0 

7169 

0 7181 

0 

7193 

44 

46 

0 

7193 

0 

7206 

0 

7218 

0 

7230 

0 

7242 

0 

7254 

0 

7266 

0 

7278 

0 

7290 

0 7302 

0 

7314 

43 

47 

0 

7314 

0 

7325 

0 

7337 

0 

7349 

0 

7361 

0 

7371 

0 

7385 

0 

7396 

0 

7408 

0 7420 

0 

7431 

42 

48 

0 

7431 

0 

7443 

0 

7455 

0 

7466 

0 

7478 

0 

7490 

0 

7501 

0 

7513 

0 

7524 

0 7536 

0 

7547 

41 

49 

0 

7547 

0 

7559 

0 

7570 

0 

7581 

0 

7593 

0 

7604 

0 

7615 

0 

7627 

0 

7638 

0 7649 

0 

7660 

40* 

60* 

0 

7660 

0 

7672 

0 

7683 

0 

7694 

0 

7705 

0 

7716 

0 

7727 

0 

7738 

0 

7749 

0 7760 

0 

7771 

30 

51 

0 

7771 

0 

7782 

0 

7793 

0 

7804 

0 

7815 

0 

7826 

0 

7837 

0 

7848 

0 

7859 

0 7869 

0 

7880 

38 

52 

0 

7880 

0 

7891 

0 

7902 

0 

7912 

0 

7923 

0 

7914 

0 

7944 

0 

7955 

0 

7965 

0 7976 

0 

7986 

37 

53 

0 

7986 

0 

7997 

0 

8007 

0 

8018 

0 

8028 

0 

8039 

0 

8049 

0 

8059 

0 

8070 

0 8080 

0 

8090 

36 

54 

0 

8090 

0 

8100 

0 

8111 

0 

8121 

0 

8131 

0 

8141 

0 

8151 

0 

8161 

0 

8171 

0 8181 

0 

8192 

35 

55 

0 

8192 

0 

8202 

0 

8211 

0 

8221 

0 

8231 

0 

8241 

0 

8251 

0 

8261 

0 

8271 

0 8281 

0 

8290 

34 

56 

0 

8290 

0 

8300 

0 

8310 

0 

8320 

0 

8329 

0 

8339 

0 

8348 

0 

8358 

0 

8368 

0 8377 

0 

8387 

33 

57 

0 

8387 

0 

8396 

0 

8406 

0 

8415 

0 

8425 

0 

8434 

0 

8443 

0 

8454 

0 

8462 

0 8471 

0 

8480 

32 

58 

0 

8480 

0 

8490 

0 

8499 

0 

8508 

0 

8517 

0 

8526 

0 

8536 

0 

8545 

0 

8554 

0 8563 

0 

8572 

31 

59 

0 

8572 

0 

8581 

0 

8590 

0 

8599 

0 

8607 

0 

8616 

0 

8625 

0 

8634 

0 

8643 

0 8652 

0 

8660 

30* 

60* 

0 

8660 

0 

8669 

0 

8678 

0 

8686 

0 

8695 

0 

8704 

0 

8712 

0 

8721 

0 

8729 

0 8738 

0 

8746 

29 

61 

0 

8746 

0 

8755 

0 

8763 

0 

8771 

0 

8780 

0 

8788 

0 

8796 

0 

8805 

0 

8814 

0 8821 

0 

8829 

28 

62 

0 

8829 

0 

8838 

0 

8846 

0 

8854 

0 

8862 

0 

8870 

0 

8878 

0 

8886 

0 

8894 

0 8902 

0 

8910 

27 

63 

0 

8910 

0 

8918 

0 

8926 

0 

8914 

0 

8942 

0 

8949 

0 

8957 

0 

8965 

0 

8973 

0 8080 

0 

8988 

26 

64 

0 

8988 

0 

8996 

0 

9003 

0 

9011 

0 

9018 

0 

9026 

0 

9033 

0 

9041 

0 

9048 

0 9056 

0 

9063 

25 

65 

0 

9063 

0 

9070 

0 

9078 

0 

9085 

0 

9092 

0 

9100 

0 

9107 

0 

9114 

0 

9121 

0 9128 

0 

9135 

24 

66 

0 

9135 

0 

9143 

0 

9150 

0 

9157 

0 

9164 

0 

9171 

0 

9178 

0 

9184 

0 

9191 

0 9198 

0 

9205 

23 

67 

0 

9205 

0 

9212 

0 

9219 

0 

9225 

0 

9232 

0 

9219 

0 

9245 

0 

9252 

0 

9259 

0 9265 

0 

9272 

22 

68 

0 

9272 

0 

9278 

0 

9285 

0 

9291 

0 

9298 

0 

9304 

0 

9311 

0 

9117 

0 

9123 

0 9130 

0 

9336 

21 

69 

0 

9336 

0 

9342 

jO 

9348 

0 

9354 

0 

9361 

0 

9367 

0 

9373 

0 

9379 

0 

9385 

0 9391 

0 

9397 

20* 

70* 

0 

9397 

0 

9403 

0 

9409 

0 

9415 

0 

9421 

0 

9426 

0 

9432 

0 

9438 

0 

9444 

0 9449 

0 

9455 

19 

71 

0 

9455 

0 

9461 

0 

9466 

0 

9472 

0 

9478 

0 

9483 

0 

9489 

0 

9494 

0 

9o00 

0 9505 

0 

9511 

18 

72 

0 

9511 

0 

9516 

0 

9521 

0 

9527 

0 

9512 

0 

9537 

0 

9)42 

0 

9548 

0 

9551 

0 9558 

0 

9563 

17 

73 

0 

9563 

0 

9568 

0 

9571 

0 

9578 

0 

9583 

0 

9588 

0 

9593 

0 

9598 

0 

9603 

0 9608 

0 

9613 

16 

74 

0 

9613 

0 

9617 

0 

9622 

0 

9627 

0 

9632 

0 

9036 

0 

9041 

0 

9646 

0 

9650 

0 9655 

0 

9659 

15 

75 

0 

9659 

0 

9664 

0 

9668 

0 

9673 

0 

9677 

0 

9681 

0 

9686 

0 

9690 

0 

9694' 

0 9699 

0 

9703 

14 

76 

0 

970i 

0 

9707 

0 

9711 

0 

9715 

0 

9720 

0 

9724 

0 

9728 

0 

9732 

0 

9736 

0 9740 

0 

9744 

13 

77 

0 

9744 

0 

9748 

0 

9751 

0 

9755 

0 

9759 

0 

9761 

0 

9707 

0 

9770 

0 

9774 

0 9778 

0 

9781 

12 

78 

0 

9781 

0 

9785 

0 

9789 

0 

9792 

0 

9796 

0 

9799 

0 

9803 

0 

9806 

0 

9810 

0 9813 

0 

9816 

11 

79 

0 

9816 

0 

9820 

jO 

9823 

iO 

9826 

0 

9829 

0 

9833 

0 

9836 

0 

9839 

,0 

9842 

0 9845 

1 

0 

9848 

10* 

80* 

0 

9848 

0 

9851 

0 

9854 

0 

9S57 

0 

9860 

0 

9863 

0 

9866 

0 

9869 

0 

9871 

0 9874 

0 

9877 

9 

81 

0 

9877 

0 

9880 

0 

9882 

0 

9SS5 

0 

9888 

0 

9890 

0 

9893 

0 

9895 

0 

9898 

0 9900 

0 

9903 

8 

82 

0 

9903 

0 

9905 

0 

9907 

0 

9910 

0 

9912 

0 

9914 

0 

9917 

0 

9919 

0 

9921 

0 9923 

0 

9925 

7 

83 

0 

9925 

0 

9928 

0 

9930 

0 

9912 

0 

9934 

'0 

9916 

0 

9918 

0 

9940 

0 

9942 

0 9943 

lo 

9945 

6 

84 

0 

9945 

0 

9947 

0 

9949 

jO 

9951 

0 

9952 

0 

9954 

0 

9956 

0 

99i>7 

0 

9959 

0 9960 

0 

9962 

5 

j 

85 

0 

9962 

0 

9963 

0 

9965 


9966 

0 

9968 

0 

9969 

0 

9971 

0 

9972 

0 

9973 

0 9974 

'o 

9976 

1 

4 

86 

0 

9976 

0 

9977 

0 

9978 

0 

9979 

0 

9980 

0 

9981 

0 

9982 

0 

9983 

0 

9984 

0 9985 

0 

9986 

3 

87 

0 

9986 

0 

9987 

0 

9988 

0 

9989 

0 

9990 

0 

9990 

0 

9991 

0 

9992 

0 

9991 

0 9993 

0 

0994 

2 

88 

0 

9994 

0 

9995 


9995 

0 

9996 

0 

9996 

0 

9997 

0 

9997 

0 

9997 

0 

9998 

0 9998 

0 

9998 

1 

89 

0 

9998 

0 

9999 

0 

9999 

0 

9999 

0 

9999 

1 

0000 

1 

0000 

1 

0000 

1 

0000 

1 0000 

1 

0000 

0* 



*1 0 


*0 9 

fl 

0 8 

*0 7 

0 

0 6 

0 

0 5 

0 

0 4 

Q 

0 3 

*0 2 

*0 1 

*0 0 

Deg 
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ALTERNATING CURRENTS 


APPENDIX F 

Natural Tangents and Cotangents 

Note ~For cotangents use right-hand column of degrees and lower line of tenths 


Deg 

•0 0 

•0 1 

•0 2 

•03 

•0 4 

•0 5 

•0 6 

•0 7 

•0 8 

•0 9 

•1 0 


0* 

0 

0000 

0 

0017 

0 

0035 

0 

0052 

0 

0070 

0 

0087 

0 

0105 

0 

0122 

0 

0140 

0 

0157 

0 0175 

89 

1 

0 

0176 

0 

0192 

0 

0209 

0 

0227 

0 

0244 

0 

0262 

0 

0279 

0 

0297 

0 

0314 

0 

0332 

0 0349 

88 

2 

0 

0340 

0 

0367 

0 

0384 

0 

0402 

0 

0419 

0 

0437 

0 

0454 

0 

0472 

0 

0489 

0 

0507 

0 0524 

87 

3 

0 

0524 

0 

0542 

0 

0559 

0 

0577 

0 

0594 

0 

0612 

0 

0629 

0 

0647 

0 

0664 

0 

0682 

0 0699 

86 1 

4 

0 

0609 

0 

0717 

0 

0734 

0 

0752 

0 

0769 

0 

0787 

0 

0805 

0 

0822 

0 

0840 

0 

0857 

0 0875 

85 

5 

0 

0875 

0 

0892 

0 

0910 

0 

0928 

0 

0945 

0 

0963 

0 

0981 

0 

0998 

0 

1016 

0 

1033 

0 1051 

84 

6 

0 

1051 

0 

1069 

0 

1086 

0 

1104 

0 

1122 

0 

1139 

0 

1157 

0 

1175 

0 

1192 

0 

1210 

0 1228 

83 

7 

0 

1228 

0 

1246 

0 

1263 

0 

1281 

0 

1299 

0 

1317 

0 

1334 

0 

1352 

0 

1370 

0 

1388 

0 1405 

82 

8 

0 

1405 

0 

1423 

0 

1441 

0 

1459 

0 

1477 

0 

1495 

0 

1512 

0 

1530 

0 

1548 

0 

1566 

0 1584 

81 

9 

0 

1584 

0 

1602 

0 

1620 

0 

1638 

0 

1655 

0 

1673 

0 

1691 

0 

1709 

0 

1727 

0 

1745 

0 1763 

80* 

10“ 

0 

1763 

0 

1781 

0 

1799 

0 

1817 

0 

1835 

0 

1853 

0 

1871 

0 

1890 

0 

1908 

0 

1926 

0 1944 

79 

11 

0 

1944 

0 

1962 

0 

1980 

0 

1998 

0 

2016 

0 

2035 

0 

2053 

0 

2071 

0 

2089 

0 

2107 

0 2126 

78 

12 

0 

2126 

0 

2144 

0 

2162 

0 

2180 

0 

2199 

0 

2217 

0 

2235 

0 

2254 

0 

2272 

0 

2290 

0 2309 

77 

13 

0 

2309 

0 

2327 

0 

2345 

0 

2364 

0 

2382 

0 

2401 

0 

2419 

0 

2438 

0 

2456 

0 

2475 

0 2493 

76 1 

14 

0 

2403 

0 

2512 

0 

2530 

0 

2549 

0 

2568 

0 

2586 

0 

2605 

0 

2623 

0 

2642 

0 

2661 

0 2679 

76 1 

16 

0 

2679 

0 

2698 

0 

2717 

0 

2736 

0 

2754 

0 

2773 

0 

2792 

0 

2811 

0 

2830 

0 

2849 

0 2867 

74 

16 

0 

2867 

0 

2886 

0 

2905 

0 

2924 

0 

2943 

0 

2962 

0 

2981 

0 

3000 

0 

3019 

0 

3038 

0 3057 

73 

17 

0 

3057 

0 

3076 

0 

3096 

0 

3115 

0 

3H4 

0 

3153 

0 

1172 

0 

3191 

0 

3211 

0 

3230 

0 3249 

72 

18 

0 

3249 

0 

3269 

0 

3288 

0 

3307 

0 

3327 

0 

3346 

0 

3365 

0 

3385 

0 

3404 

0 

3424 

0 3443 

71 

19 

0 

3443 

0 

3463 

0 

3482 

0 

3502 

0 

3522 

0 

3541 

0 

3561 

0 

3581 

0 

3600 

0 

3620 

0 3640 

70“ 

20“ 

0 

3640 

0 

3659 

0 

3679 

0 

3699 

0 

3719 

0 

3739 

0 

3759 

0 

3779 

0 

3799 

0 

3819 

0 3839 

69 

21 

0 

3839 

0 

3859 

0 

3879 

0 

3899 

0 

3919 

0 

3939 

0 

3959 

0 

3979 

0 

4000 

0 

4020 

0 4040 

68 

22 

0 

4040 

0 

4061 

0 

4081 

0 

4101 

0 

4122 

0 

4142 

0 

4163 

0 

4183 

0 

4204 

0 

4224 

0 4245 

67 

23 

0 

4245 

0 

4265 

0 

4286 

0 

4307 

0 

4327 

0 

4348 

0 

4369 

0 

4390 

0 

4411 

0 

4431 

0 4452 

66 

24 

0 

4452 

0 

4473 

0 

4494 

0 

4515 

0 

4536 

0 

4557 

0 

4578 

0 

4599 

0 

4621 

0 

4642 

0 4663 

65 

25 

0 

4663 

0 

4684 

0 

4706 

0 

4727 

0 

4748 

0 

4770 

0 

4791 

0 

4813 

0 

4834 

0 

4856 

0 4877 

64 

26 

0 

4877 

0 

4899 

0 

4921 

0 

4942 

0 

4964 

0 

4986 

0 

5008 

0 

5029 

0 

5051 

0 

5073 

0 5095 

63 

27 

0 

5095 

0 

5117 

0 

5139 

0 

5161 

0 

5184 

0 

5206 

0 

5228 

0 

5250 

0 

5272 

0 

5295 

0 5317 

62 

28 

0 

5317 

0 

5340 

0 

5362 

0 

5384 

0 

5407 

0 

5430 

0 

5452 

0 

5475 

0 

5498 

0 

5520 

0 5543 

61 

29 

0 

5543 

0 

5560 

0 

5589 

0 

5612 

0 

5635 

0 

5658 

0 

5681 

0 

5704 

0 

5727 

0 

5750 

0 5774 

60* 

30* 

0 

5774 

0 

5797 

0 

5820 

0 

5844 

0 

5867 

0 

5890 

0 

5914 

0 

5938 

0 

5961 

0 

5985 

0 6009 

59 

31 

0 

6009 

0 

6032 

0 

6056 

0 

6080 

0 

6104 

0 

6128 

0 

6152 

0 

6176 

0 

6200 

0 

6224 

0 6249 

58 

32 

0 

6249 

0 

6273 

0 

6297 

0 

6122 

0 

6346 

0 

6171 

0 

6395 

0 

6420 

0 

6445 

0 

6469 

0 6494 

57 

33 

0 

6494 

0 

6519 

0 

6544 

0 

6569 

0 

6594 

0 

6619 

0 

6644 

0 

6669 

0 

6694 

0 

6720 

0 6745 

56 

34 

0 

6745 

0 

6771 

0 

6796 

0 

6822 

0 

6847 

0 

6873 

0 

6899 

0 

6924 

0 

6950 

0 

6976 

0 7002 

55 

35 

0 

7002 

0 

7028 

0 

7054 

0 

7080 

0 

7107 

0 

7133 

0 

7159 

0 

7186 

0 

7212 

0 

7239 

0 7265 

54 

36 

0 

7265 

0 

7292 

0 

7319 

0 

7346 

0 

7373 

0 

7400 

0 

7427 

0 

7454 

0 

7481 

0 

7508 

0 7536 

53 

37 

0 

7536 

0 

7563 

0 

7590 

0 

7618 

0 

7646 

0 

7673 

0 

7701 

0 

7729 

0 

7757 

0 

7785 

0 7813 

52 

38 

0 

7813 

0 

7841 

0 

7869 

0 

7898 

0 

7926 

0 

7954 

0 

7983 

0 

8012 

0 

8040 

0 

8069 

0 8098 

51 

39 

0 

8098 

0 

8127 

0 

8156 

0 

8185 

0 

8214 

0 

8243 

0 

8273 

0 

8302 

0 

8332 

0 

8361 

0 8391 

50* 

40* 

0 

8391 

0 

8421 

0 

8451 

0 

8481 

0 

8511 

0 

8541 

0 

8571 

0 

8601 

0 

8632 

0 

8662 

0 8693 

49 

41 

0 

8693 

0 

8724 

0 

8754 

0 

8785 

0 

8816 

0 

8847 

0 

8878 

0 

8910 

0 

8941 

0 

8972 

0 9004 

48 

42 

0 

9004 

0 

9036 

0 

9067 

0 

9099 

0 

9131 

0 

9163 

0 

9195 

0 

9228 

0 

9260 

0 

9293 

0 9325 

47 

43 

0 

9325 

0 

9358 

0 

9391 

0 

9424 

0 

9457 

0 

0490 

0 

9523 

0 

9556 

0 

9590 

0 

9623 

0 9657 

46 

44 

0 

9657 

0 

9691 

0 

9725 

0 

9759 

0 

9793 

0 

9827 

0 

0861 

0 

9806 

0 

9930 

0 

9965 

1 0000 

46 



’1 0 


*0 9 

•0 8 

•0 7 

%6 

•0 5 

•0 4 

•0 8 

•02 

•0 1 

•0 0 

Deg 
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609 


ITatnral Tangenti and Cotaafenta.— (Concluded) 


Deg 

*0 0 

•0 1 

“0 2 

“0 3 

C 

0 4 

C 

0 5 


0 6 

“0 7 

“0 8 

“0 9 


1 0 


45 

1 

0000 

1 

0035 

1 

0070 

1 

0105 

1 

0141 

1 

0176 

1 

0212 

1 

0247 

1 

0283 

1 

0319 

1 

0355 

44 

46 

1 

0355 

1 

0302 

1 

0428 

1 

0464 

1 

0501 

1 

0538 

1 

0575 

1 

0612 

1 

0649 

1 

0686 

1 

0724 

43 

47 

1 

0724 

1 

0761 

1 

0799 

1 

0837 

1 

0875 

1 

0911 

1 

0951 

1 

0990J 

1 

1028 

1 

1067 

1 

1106 

42 

48 

1 

1106 

1 

1145 

1 

1184 

1 

1224 

1 

1261 

1 

1103 

1 

1343 

1 

1383 

1 

1423 

1 

1463 

1 

1504 

41 

49 

1 

1504 

1 

1544 

1 

1585 

1 

1626 

1 

1667 

1 

1708 

1 

1750 

1 

1792 

1 

1833 

1 

1875 

1 

1918 

40“ 

50“ 

1 

1018 

1 

1060 

1 

2002 

1 

2045 

1 

2088 

1 

2131 

1 

2174 

1 

2218 

1 

2261 

1 

2305 

1 

2349 

39 

51 

1 

2349 

1 

2393 

1 

2437 

1 

2482 

1 

2527 

1 

2572 

1 

2617 

1 

2662 

1 

2708 

1 

2753 

1 

2799 

38 

52 

1 

2799 

1 

2846 

1 

2892 

1 

2938 

1 

2985 

1 

3032 

1 

3079 

1 

3127 

1 

3175 

1 

3222 

1 

3270 

37 

53 

1 

3270 

1 

3319 

1 

3367 

1 

1416 

1 

3465 

1 

3514 

1 

3564 

1 

3613 

1 

3663 

1 

3713 

1 

3764 

36 

64 

1 

3764 

1 

3814 

1 

3865 

1 

3916 

1 

3968 

1 

4019 

1 

4071 

1 

4124 

1 

4170 

1 

4229 

1 

4281 

35 

55 

1 

4281 

1 

4335 

1 

4388 

1 

4442 

1 

4496 

1 

4550 

1 

4605 

1 

4659 

1 

4715 

1 

4770 

1 

4826 

34 

56 

1 

4826 

1 

4882 

1 

4938 

1 

4994 

1 

5051 

1 

5108 

1 

5166 

1 

5224 

1 

5282 

1 

5340 

1 

6399 

33 

67 

1 

5399 

1 

5458 

1 

5517 

1 

5577 

1 

5637 

1 

5697 

1 

5757 

1 

5818 

1 

5880 

1 

5941 

1 

6003 

32 

58 

1 

6003 

1 

6066 

1 

612S 

1 

6191 

1 

6255 

1 

6319 

1 

6383 

1 

6447 

1 

6512 

1 

6577 

1 

6643 

31 

60 

1 

6643 

1 

6709 

1 

6775 

1 

6842 

1 

6909 

1 

6977 

1 

7045 

1 

7113 

1 

7182 

1 

7251 

1 

7321 

30“ 

60“ 

1 

7321 

1 

7301 

1 

7461 

1 

7532 

1 

7603 

1 

7675 

1 

7747 

1 

7820 

1 

7893 

1 

7960 

1 

8040 

29 

61 

1 

8040 

1 

8115 

1 

8100 

1 

8265 

1 

8341 

1 

8418 

1 

8495 

1 

8572 

1 

8650 

1 

8728 

1 

8807 

28 

62 

1 

8807 

1 

8887 

1 

8967 

1 

9047 

1 

9128 

1 

9210 

1 

9292 

1 

9375 

1 

9458 

1 

9542 

1 

9626 

27 

63 

1 

0626 

1 

9711 

1 

9707 

1 

9883 

1 

9070 

2 

0057 

2 

0145 

2 

0233 

2 

0323 

2 

0413 

2 

0503 

26 

64 

2 

0503 

2 

0594 

2 

0686 

2 

0778 

2 

0872 

2 

0905 

2 

1060 

2 

1155 

2 

1251 

2 

1348 

2 

1445 

25 

65 

2 

1445 

2 

1543 

2 

1642 

2 

1742 

2 

1842 

2 

1943 

2 

2045 

2 

2148 

2 

2251 

2 

2355 

2 

2460 

24 

66 

2 

2460 

2 

2566 

2 

2673 

2 

2781 

2 

2889 

2 

2008 

2 

3109 

2 

3220 

2 

3332 

2 

3445 

2 

3559 

23 

67 

2 

3559 

2 

3673 

2 

3789 

2 

3906 

2 

4023 

2 

4142 

2 

4262 

2 

4383 

2 

4504 

2 

4627 

2 

4751 

22 

68 

2 

4751 

2 

4876 

2 

5002 

2 

5129 

2 

5257 

2 

5386 

2 

5517 

2 

5649 

2 

5782 

2 

5916 

2 

6051 

21 

60 

2 

6051 

2 

6187 

2 

6325 

2 

6464 

2 

6605 

2 

6746 

2 

6889 

2 

7034 

2 

7179 

2 

7326 

2 

7476 

20“ 

70“ 

2 

7475 

2 

7625 

2 

7776 

2 

7929 

2 

8083 

2 

8239 

2 

8397 

2 

8550 

2 

8716 

2 

8878 

2 

9042 

19 

71 

2 

9042 

2 

9208 

2 

9375 

2 

9544 

2 

9714 

2 

9887 

3 

0061 

3 

0237 

3 

0415 

3 

0595 

3 

0777 

18 

72 

3 

0777 

3 

0961 

3 

1146 

3 

1334 

3 

1524 

3 

1716 

3 

1910 

3 

2106 

3 

2^05 

3 

2506 

3 

2709 

17 

73 

3 

2700 

3 

2914 

3 

1122 

3 

3332 

3 

3544 

3 

1759 

3 

3977 

3 

4197 

3 

4420 

3 

4646 

3 

4874 

16 

74 

3 

4874 

3 

5105 

3 

5339 

3 

5576 

3 

5816 

i 

6059 

3 

6305 

3 

6554 

3 

6806 

3 

7062 

3 

7321 

15 

75 

3 

7321 

3 

7583 

3 

7848 

3 

8118 

3 

8391 

3 

8667 

3 

8947 

3 

9232 

3 

9520 

3 

9812 

4 

0108 

14 

76 

4 

0108 

4 

0408 

4 

0713 

4 

1022 

4 

1335 

4 

16)1 

4 

1976 

4 

2303 

4 

2635 

4 

2972 

4 

3315 

13 

77 

4 

3'»15 

4 

3662 

4 

4015 

4 

4174 

4 

4717 

4 

5107! 

4 

5413 

4 

5S64 

4 

6252 

4 

6646 

4 

7046 

12 

78 

4 

7046 

4 

7453 

4 

7867 

4 

8288 

4 

8716 

4 

9152 

4 

9594 

5 

0045 

5 

0504 

5 

0970 

5 

1446 

11 

70 

5 

1446 

5 

1920 

5 

2422 

5 

2924 

5 

3435 

5 

3955 

5 

4486 

5 

5026 

5 

5578 

5 

6140 

5 

6713 

10“ 

80“ 

5 

6713 

5 

7297 

5 

7804 

5 

85021 

5 

9124 

5 

9758 

6 

0405 

6 

1066 

6 

1742 

6 

2432 

6 

3138 

0 

81 

6 

3138 

6 

3859 

0 

4590 

6 

51501 

6 

6122 

G 

6912 

6 

7720 

6 

8548 

6 

9395 

7 

0264 

7 

1154 

8 

82 

7 

1154 

7 

2066 

7 

3002 

7 

3962 

7 

4947 

7 

5958 

7 

6996 

7 

8062 

7 

9158 

8 

0285 

8 

1443 

7 

83 

8 

1443 

8 

2616 

8 

3863 

8 

5126 

8 

6427 

8 

7709 

8 

9152 

9 

0579 

Q 

2052 

0 

3572 

9 

5144 

6 

84 

9 

5144 

9 677 

9 845 

10 02 

10 20 

lO 39 

10 58 

10 78 

10 99 

11 20 

11 43 

5 

85 

11 43 

11 66 

11 01 

12 16 

12 43 

12 71 

13 00 

13 30 

13 62 

13 95 

14 30 

4 

86 

14 30 

14 67 

15 06 

15 46 

15 SO 

16 35 

16 83 

17 34 

17 89 

18 46 

19 08 

3 

87 

19 08 

19 74 

20 45 

21 20 

22 02 

22 W 

23 86 

24 90 

26 Oi 

27 27 

28 64 

2 

88 

28 64 

30 14 

31 82 

33 69 

35 80 

38 19 

40 92 

44 07 

47 74 

52 08 

57 29 

1 

80 

57 29 

63 66 

71 62 

81 85 

95 49 

114 6 

143 2 

191 0 

286 5 

573 0 


00 

0“ 
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ALTERNATING CURRENTS 


APPENDIX G 


Logarithms of Numbers 


N 

0 

1 

2 

3 

h 

5 

6 

7 

8 

0 

10 

0000 

0043 

0086 

0128 

0170 

0212 

0253 

0294 

0334 

0374 

11 

0414 

045£ 

0492 

0531 

056fi 

0607 

0045 

0682 

0719 

0765 

12 

0792 

0828 

0864 

0S9€ 

0934 

0969 

1004 

1038 

1072 

1106 

13 

1139 

1173 

1206 

12C0 

1271 

1303 

1335 

1367 

1399 

1430 

14 

1461 

1492 

1523 

1553 

15S4 

1614 

1644 

1673 

1703 

1732 

15 

1761 

1790 

1818 

.1847 

1875 

1903 

1931 

1950 

1987 

2014 

10 

2041 

2068 

2095 

2122 

2148 

2175 

2201 

2227 

2253 

2279 

17 

2304 

2330 

2355 

238G 

2405 

2430 

2455 

2480 

2504 

2520 

18 

2553 

2577 

2001 

2625 

2648 

2672 

2095 

2718 

2742 

2765 

Id 

2788 

2810 

2833 

2856 

2878 

2900 

2923 

2045 

2967 

2980 

20 

3010 

3032 

3054 

3076 

3096 

3118 

3139 

3160 

3181 

3201 

21 

3222 

3243 

32G3 

3284 

3304 

3324 

3345 

3365 

3385 

3404 

22 

3424 

3444 

3464 

3483 

3502 

3522 

3541 

3560 

3579 

3598 

23 

3617 

3636 

3655 

3074 

3092 

3711 

3720 

3747 

3766 

3784 

24 

3802 

3820 

3838 

3856 

3874 

3892 

3900 

3927 

3945 

3969 

25 

3979 

3997 

4014 

4031 

4048 

4065 

4082 

4099 

4116 

4133 

26 

4150 

4166 

4183 

4200 

4216 

4232 

4249 

4265 

4281 

4208 

27 

4314 

4330 

4346 

4362 

4378 

4393 

4109 

4425 

4440 

4456 

28 

4472 

4487 

4502 

4518 

4533 

4548 

4564 

4579 

4594 

4609 

29 

4624 

4639 

4654 

4660 

4683 

4G0S 

4713 

4728 

4742 

4767 

80 

4771 

4786 

4800 

4814 

4829 

4843 

4857 

4871 

4886 

4900 

81 

4014 

4928 

4042 

4955 

4969 

4083 

4097 

6011 

5024 

5038 

83 

5051 

5005 

5079 

5092 

5105 

5119 

5132 

6145 

5159 

6172 

83 

5185 

5198 

5211 

5224 

5237, 

5250 

5263 

5276 

5289, 

5302 

84 

5315 

5328 

5340 

5353 

5306 

5378 

5391 

5403 

5416 

5428 

85 

5441 

5453 

5465 

5478 

6490 

5502 

5514 

5527 

5539 

5551 

86 

55C3 

5575 

5587 

5599 

5611 

5023 

5035 

5647 

5058 

5670 

87 

5082 

5694 

! 5705 

5717 

5729 

5740 

6752 

6763 

5776 

5786 

88 

5798 

5809 

5821 

5832 

5843 

5855 

5860 

5877 

5888 

5890 

89 

5911 

5922 

5933 

5944 

5955 

59G6 

5977 

5988 

5999 

6010. 

40 

C021 

6031 

6042 

6053 

6064 

6075 

6085 

6096 

6107 

6117 

41 

6128 

6138 

6149 

6100 

6170 

6X80 

0191 

6201 

6212 

6222 

42 

6232 

6243 

6253 

6203 

6274 

6284 

6294 

6304 

6314 

6325 

43 

6335 

6345 

6355 

6305 

6375 

63S5 

6305 

6105 

6415 

6426 

44 

6435 

6444 

6454 

0404 

6474 

6484 

6493 

6503 

6513 

6522 

• 45 

6532 

6542 

6551 

6561 

6571 

6580 

6590 

6599 

6609 

6618 

46 

0028 

6637 

6640 

6056 

C66£ 

6676 

6684 

6603 

6702 

6712 

47 

6721 

6730 

6739 

6749 

6758 

6767 

6770 

6785 

6794 

6803 

48 

6812 

6821 

6830 

6839 

6848 

6857 

6806 

6875 

6884 

6893 

49 

6902 

6911 

6920 

6928 

6937 

6946 

6955 

6964 

6972 

6981 

50 

6990 

.6998 

7007 

7016 

7024 

7033 

7042 

7050 

7059 

7067 

51 

7076 

7084 

*7093 

7101 

7110 

7118 

7126 

7135 

7143 

7152 

52 

7160 

7168 

7177 

7185 

7193 

7202 

7210 

7218 

7226 

7235 

53 

7243 

7251 

7259 

7267 

7275 

7284 

7292 

7300 

7308 

7310 

“ i 

7324 

7332 

7340 

7348 

7356 

7364 

7372 

7380 

7388 

7396 



APPENDIX 


611 


XAfaritbiiis of Xumban.—ConeZuda^ 


N 

0 

1 

2 

'3 

4 

5 

0 

7 

8 

9 

65 

7404 

7412 

7419 

7427 

7435 

7443 

7451 

7460 

7466 

7474 

56 

7482 

7490 

7497 

7605 

7513 

7520 

7528 

7536 

7543 

7551 

57 

7559 

7566 

7674 

7582 

7589 

7597 

7604 

7612 

7619 

7627 

58 

7634 

7642 

7649 

7657 

7664 

7672 

7679 

7686 

7694 

7701 

59 

7709 

77X6 

7723 

7731 

7738 

7745 

7752 

7760 

7767 

7774 

60 

7782 

7789 

7796 

7803 

7810 

7818 

7825 

7832 

7839 

7846 

7917 

61 

7853 

7860 

7868 

7876 

7882 

7889 

7896 

7903 

7910 

63 

7924 

7931 

7938 

7945 

7952 

7959 

7966 

7973 

7980 

7987 

63 

7993 

8000 

8007 

8014 

8021 

8028 

8035 

8041 

8048 

8055 

64 

8062 

8069 

8075 

8082 

8089 

8096 

8102 

8109 

8116 

8122 

65 

8120 

8136 

8142 

8149 

8156 

8162 

8169 

8176 

8182 

8189 

66 

8195 

8202 

8209 

8215 

8222 

8228 

8235 

8241 

8248 

8254 

67 

8261 

8267 

8274 

8280 

8287 

8203 

8299 

8306 

8312 

8319 

68 

8325 

8331 

8338 

8344 

8351 

8357 

8363 

8370 

8376 

8382 

69 

8388 

8395 

8401 

8407 

8414 

8420 

8426 

8432 

8439 

8445 

70 

8451 

‘8457 

8463 

8470 

8476 

8482 

8488 

8494 

8500 

8506 

71 

8513 

8519 

8525 

8531 

8537 

8543 

8549 

8555 

8561 

8567 

72 

8573 

8576 

8585 

8591 

8597 

8603 

8609 

8615 

8621 

8627 

73 

8633 

8639 

8645 

8651 

8657 

8663 

8669 

8675 

8681 

8686 

74 

8692 

8698 

8704 

8710 

8716 

8722 

8727 

8733 

8730 

8745 

75 

8751 

8456 

8762 

8768 

8774 

8779 

8785 

8791 

8797 

8802 

76 

8808 

8814 

8S20 

8825 

8831 

8837 

8842 

8848 

8854 

8859 

77 

8865 

8871 

8876 

8882 

8887 

8893 

8800 

8904 

8910 

8015 

78 

8921 

8927 

8932 

8038 

8943 

8949 

8954 

8960 

8965 

8971 

79 

8976 

8982 

8987 

8993 

8998 

9004 

9009 

0015 

0020 

0025 

80 

0031 

9036 

9042 

9047 

9053 

9058 

9063 

Wo 

0074 

9079 

81 

9085 

0090 

0096 

9101 

9106 

9112 

9117 

9122 

0128 

9133 

82 

0138 

0143 

9149 

9154 

9159 

9165 

9170 

9176 

0180 

9186 

83 

0191 

0196 

9201 

9206 

9212 

9217 

9222 

9227 

0232 

9238 

84 

9243 

0248 

0253 

9258 

9263 

9269 

9274 

9279 

9330 

0284 

0289 

85 

0294 

9299 

0304 

9309 

9315 

9320 

9325 

0335 

9340 

86 

0345 

9350 

9355 

0360 

0365 

9370 

9376 

9380 

0385 

9390 

87 

9395 

9400 

9405 

9410 

9415 

9420 

9425 

9430 

0435 

9440 

88 

0445 

0450 

9455 

9460 

9465 

9469 

9474 

9479 

0484 

0480 

89 

0494 

9499 

9504 

.9500 

9513 

9518 

9523 

0528 

0533 

9538 

00 

9542 

9547 

9552 

0557 

‘9562 

9566 

9571 

9576 

*9581 

9586 

91 

9590 

9595 

9000 

9605 

9609 

9614 

9619 

9624 

9628 

9633 

92 

9638 

0643 

9647 

0652 

9657 

9661 

0666 

9671 

9675 

9680 

03 

9685 

0689 

9694 

9699 

9703 

9708 

9713 

9717 

0722 

9727 

94 

0731 

0736 

9741 

9745 

^9750 

9754 

9759 

0763 

0768 

9773 

95 

9777 

9782 

9786 

9791 

9795 

9800 

9805 

0809 

9814 

9818 

96 

0823 

9827 

0832 

9836 

0841 

9845 

9860 

0854 

9859 

9863 

97 

9868 

9872 

9877 

0881 

0886 

9890 

0894 

0899 

0903 

9908 

98 

9912 

9917 

0921 

0926 

9930 

9934 

0939 

0943 

0948 

9952 

99 

9956 

0961 

9965 

9969 

9974 

9078 

9983 

9987 

0991 

0996 
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ALTERNATING CURRENTS 


APPENDIX H 

Resistance of Copper Wire, Ohms per Mile, 26°C (77°F) 


Size, cir mils 
or AWG 

Number of wires 

Outside diameter, 
mils 

Ohms per mile 

Stranded 

1,000,000 

01 

1.152 

0.0571 

750,000 

61 

0.998 

0.0760 

500,000 

37 

814 

0.1130 

450,000 

37 

772 

0.1207 

400,000 

37 

728 

0.1420 

350,000 

37 

081 

0.1020 

300,000 

37 

630 

0.1900 

250,000 

37 

575 

1 0.2278 

0000 

19 

528 

0.2090 

000 

19 

470 

0.339 

00 

19 

418 

' 0.428 

0 

19 

373 

0.538 

1 

19 

332 

0.081 

2 

7 

292 

0.850 

3 

7 

200 

1.083 

4 

7 

232 

1.307 


Solid 


0000 


400 

0 2()4 

000 


410 

0 333 

00 


365 

0 420 

0 


325 

0 528 

1 


289 

0.005 

2 


258 

0.839 

3 


229 

1.001 

4 


204 

1.335 


For more detailed tables, see Vol. I. 
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APPENDIX I 

Properties of Aluminum Cable Steei-reinforced 
(ACSR) 

Aluminum Company of America 


Cir mils or 

AWO 

No. of 
wires 


Cro,s8 section, 
S(i in. 


Ohms per mile of single 
conductor at 25°C 





Out¬ 

side 

dia., 

in. 










Copper 

equiv. 





'rotal 

lb i>er 
mile 

0 amp 

d.c. 

200 

amp 

600 amp 

Alum. 

Al. 

St. 

Al. 

'I’otal 


25 

00 

25 

60 










cycles 

cycles 

cycles 

cycles 

1,590,000 

1,000,000 

54 

19 

1.545 

1.249 

1.4071 

10,735 

0.0587 

0.0589 

0.0594; 

0.0592 

0.0607 

1,431,000 

900,000 

54 

19 

1.465 

1.124 

1.2664 

9,662 

0.0652 

0.0654 

0.0659 

0.0657 

0.0671 

1,272.000 

800,000 

54 

19 

1.382 

0.9990 

1.1256 

8,588 

0 0734 

0.0736 

0.0742 

0.0738 

0.0752 

1,192,500 

750,0()0 

54 

19 

1 .338 

0.9366 

1.0553 

8,055 

0.0783 

0.0785 

0.0791 

0.0787 

0.0801 

1,113,000 

700,000 

54 

19 

1.293 

0.8741 

0.9850 

7,517 

0.0839 

0.0841 

0.0848 

0.0843 

0.0857 

1,033,500 

650,000 

54 

7 

1.246 

0.8117 

0.9170 

7,022 

0.0903 

0.0906 

0.0913 

0.0908 

0.0922 

954,000 

600,0(K) 

54 

7 

1 196 

0.7493 

0.8464 

6,481 

0.0979 

0.0980 

0.(M)85 

0.0983 

0.0997 

874,500 

560,000 

54 

7 

1.146 

0.6868 

0.7759 

5,942 

0.107 

0.107 

0.108 

0.107 

0.109 

795,000 

500,000 

26 

7 

1.108 

0.6244 

0.7261 

.5,77() 

0.117 

0.117 

0.117 

0.117 

0.117 

715,500 

450,000 

54 

7 

1.036 

0.5620 

0.6348 

4,860 

0.131 

0.131 

0.133 

0.131 

0.133 

636,000 

400.000 

54 

7 

0.977 

0.4995 

0.5642 

4,321 

0.147 

0.147 

0.149 

0.147 

0.149 

556,500 

350,000 

26 

7 

0.927 

0 4371 

0.5083 

4,044 

0.168 

0.168 

0.168 

0.108 

0.168 

477,0(K) 

300,000 

26 

7 

0.858 

0.3746 

0.4.357 

.3,467 

0.196 

0.196 

0.196 

0 196 

0.196 

397,500 

250,000 

26 

7 

0 783 

0.3122 

0.3630 

2,887 

0.2.35 

0.235 

0.235 : 

0.235 

0.235 

336,400 

0000 

26 

7 

0.721 

0.2642 

0..3073 

2,445 

0.278 

0.278 

0.278 ; 

0.278 

0.278 

266,000 

000 

26 

7 

0.633 

0.2095 

0 2367 

1,813 

0.350 

0.350 

0.350 

0.350 

0.350 

0000 

00 

6 

1 

0.563 

0.1662 

0.1939 

1,549 

0.441 

0.443 

0.446 

0.447 

0.464 

000 

0 

6 

1 

0.502 

0.1318 

0.1537 

1,227 

0..5.56 

0..557 

0..561 

0.562 

0.579 

00 

1 

6 

1 

0.447 

0 1045 

0 1219 

974 

0.702 

0.703 

0.707 

0.706 

0.718 

0 

2 

6 

1 

0.398 

0.0829 

0.0967 

773 

0.885 

0.885 

0.889 

0.887 

0.893 

1 

3 

6 

1 

0.355 

0 0657 

0.0767 

614 

1 12 

1.12 

1.12 

1.12 

1.12 

2 

4 

6 

1 

0.316 

0 0.521 

(» 0608 

486 

1.41 

1 .41 

1.41 

1.41 

1.41 

3 

5 

6 

1 

0.281 

0 0413 

0.0482 

.386 

1 78 

1 78 

1.78 

1 78 

1.78 

4 

6 

6 

1 

0.250 

0.032r 

) 0383 

3(Ki 

2 24 

2 24 

2.24 

2 24 

2 24 
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APPENDIX J 

Inductive Reactance per Single Conductor, Ohms per Mile* 

Stranded 





60 cycles per sec 

fiize, 

No. 

of 

Out- 












cir mils 

side 

din.. 






Spacing, ft 





or 

stds. 












AWG 















* 















1 

2 

3 

4 

5 

6 

7 8 

10 

12 

15 

20 

1,000,000 

61 

1.152 

0.400 

0.484 

0.533 

0.568 

0.595 

0.617 

0.636 0.652 

0.679 

0.702 

0.729 

0.764 

750.000 

61 

0.998 

0.417 

0.501 

0.550 

0.585 

0.612 

0.634 

0.653 0.669 

0.696 

0.719 

0.746 

0.781 

500,0(X) 

37 

0.814 

0.443 

0.5:i7 

0.576 

0.611 

0.638 

0.660 

0.679 0.695 

0.772 

0.745 

0.772 

0.807 

400,000 

19 

0.725 

0.458 

0.542 

0.591 

0.626 

0.653 

0.675 

0.694 0.710 

0.737 

0.760 

0.787 

0.822 

300,000 

19 

0.628 

0.476 

0.560 

0.609 

0.644 

0.671 

0.693 

0.712 0.728 

0.755 

0.778 

0.805 

0.840 

250,000 

19 

0.574 

0.487 

0.571 

0.620 

0.655 

0.682 

0.704 

0.723 0.739 

0.766* 

0.789 

0.816 

0.851 

0000 


0.528 

0.497 

0.581 

0.630 

0.665 

0.692 

0 714 

0.733 0.749 

0.776 

0.799' 

0.826 

0.861 

000 

7 

0.464 

0.518 

0.602 

0.651 

0.686 

0.713 

0.735 

0.754 0.770 

0.797 

0.820 

0.847 

0.882 

00 

7 

0.414 

0.532 

0.616 

0.665 

0.700 

0.727 

0.749 

0.768 0.784 

0.811 

0.834; 

0.861 

0.896 

0 

7 

0.308 

0.546 

0.630 

0.679 

0.714 

0.741 

0.763 

0.782 0.798 

0.825 

0.848 

0.875 

0.910 

1 

7 

0.328 

0.560 

0.644 

0.693 

0.728 

0.755 

0.777 

0 796 0.812 

0.839 

0.862 

0.889 

0.924 

2 

7 

0.292 

0.574 

0.658 

0.707 

0.742 

0.769 

0.791 

0.810 0.826 

0.853 

0.876 

0.903 

0.938 

3 

7 

0.200 

0.588 

0.672 

0.721 

0.756 

0.783 

0.805 

0.824 0.840 

0.867 

0.890 

0.917 

0.952 

4 

7 

0.232 

0.602 

0.686 

0.735 

0.770 

0.797 

0 819 

0.838 0.854 

_ 

0.881 

0 904 

0.931 

0 966 







Solid 







0000 


0 4000 

0.510 

0.594 

0.643 

0 678 

0 705 

0.727 

0.746 0.762 

0.789 

0.812 

0.839 

0 874 

000 


0.4096 

0.524 

0.608 

0.657 

0.692 

0.719 

0.741 

0.760 0.776 

0.803 

0.826 

0.853 

0.888 

00 


0.3648 

0..538 

0.622 

0.671 

0.706 

0.733 

0.755 

0.774 0.790 

0.817 

0.840 

0.867 

0 902 

0 


0.3249 

0.552 

0.636 

0.685 

0.720 

0.747 

0.709 

0.788 0.804 

0.831 

0.854 

0.881 

0.916 

1 


0.2893 

0.566 

0.650 

0.609 

0.734 

0.761 

0.783 

0.802 0.818 

0.845 

0.868 

0.805 

0.930 

2 


0.2576 

0.581 

0.665 

0 714 

0.749 

0.776 

0.798 

0.817 0.833 

0.860 

0.883 

0 910 

0 945 

3 


0.2294 

0.595 

0.679 

0.728 

0.763 

0.790 

0.812 

0.831 0.847 

0.874 

0.897 

0.024 

0 959 

4 


0.2043 

0.609 

0.693 

0.742 

0.777 

0.804 

0 826 

0.845 0.861 

0.888 

0.911 

0.938 

0 973 

5 


0.1819 

0.623 

0.707 

0.756 

0.791 

0.818 

0.840 

0.859 0.875 

0.902 

0.925 

0.952 

0.987 

6 


0.1620 

0.637 

0.721 

0.770 

0.805 

0.832 

0.854 

0.873 0.889 

0.916 

0.939 

0.966 

1.001 


* From formula x »» 2irf ^80 + 741.1 log 10“*. 
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APPENDIX K 

Charging Current per Single Wire, Amperes per Mile per 100,000 Volts 
from Phase Wire to Neutral* 

Sthanued 









60 cycloi 

s i)(ir soc 





Size, 


Out- 


























cir mils 


side 













or 

of 

dill., 






bpiiciiig, ft 






AWG 

















1 

2 

3 

4 

5 

G 

7 

8 

10 

12 

15 

20 

1,000,000 

61 

1.152 

1,110 

0.903 

0.815 

0.762 

0.726 

0.698 

0.677 

0.659 

0.631 

0.611 

0.587 

0.559 

750,000 

61 

0.998 

1.059 

0.870 

0.787 

0.738 

0.704 

0.678 

0.658 

0.641 

0.615 

0.595 

0.572 

0.546 

500,000 

37 

0.814 

0.996 

0.826 

0.752 

0.707 

0.679 

0.651 

0.633 

0.617 

0.593 

0.574 

0.553 

0.528 

400,000 

19 

0.725 

0.963 

0.804 

0.733 

0.690 

0.660 

0.637 

0.619 

0.604 

0.581 

0.563 

0.543 

0.519 

300,000 

19 

0.G28 

0.925 

0.777 

0.711 

0.670 

0.642 

0.620 

0.603 

0.589 

0.567 

0.550 

0.531 

0.508 

250,000 

19 

0.574 

0 903 

0.762 

0.697 

0.658 

0.631 

0.610 

0.594 

0.580 

0.558 

0.542 

0.523 

0.501 

OOOC 

19 

0.528 

0.883 

0.747 

0.085 

0.648 

0.621 

0.601 

0.585 

0.571 

0.551 

0.535 

0.517 

0.495 

000 

7 

0.464 

0.854 

0.726 

0.668 

0.632 

0.607 

0.588! 

0.572 

0.559 

0.539 

0.524 

0.507 

0.485 

00 

7 

0.414 

0.830 

0.709 

0.653 

0.619 

0.595 

0.576; 

0.561 

0.549 

0.530 

0.515 

0.498 

0.478 

0 

7 

0.368 

0.807 

0.692 

0.639 

0.606 

0.582 

0.565 

0.550 

0.539 

0.520 

0.506 

0.490 

0.470 

1 

7 

0.328 

0.785 

0.076 

i 

0.625 

0.594 

0.571 

0.554 

0.540 

0.529 

0.511 

0.497 

0.483 

0.463 

2 

7 

0.292 

0.765 

0 661 

0 612' 

0.582 

0.560 

0.544 

0.531 

0.520 

0.502 

0.489 

0.473 

0.455 

3 

7 

0.260 

0 745 

0.640 

0 599 

0.570 

0.550 

0.534 

0.521 

0.510 

0 494 

0.481 

0 466 

0 448 

4 

7 

0.232 

0.727 

0 632 

0.588 

0.559 

0.539 

0.524 

j 

0.512 

0.502 

0.485 

0.473 

0.459 

0 442 


Solid 


0000 


0.4600 

0.853 

0.725 

0.667 

0.631 

0.606 

0.587 

0.571 

0.559 

0.539 

0.524 

0.506 

0.485 

000 


0.4096 

0.828 

0.707 

0.652 

0.618 

0.593 

0.575 

0.560 

0.548 

0.529 

0.514 

0.497 

0 477 

00 


0.3648 

0.805 

0.691 

0.638 

0.605 

0.581 

0.564 

0.550 

0.538 

0.520 

0.505 

0.489 

0.469 

0 


0.3249 

0.784 

0.675 

0.624 

0,593 

0 570 

0.553 

0.540 

0.528 

0.511 

0.497 

0.483 

0.462 

1 


0.2893 

0.763 

0.659 

0.611 

0.580 

0.559 

0.543 

0.530 

0.519 

0.502 

0 -489 

0.473 

0.455 

2 


0.2576 

0.744 

0.645 

0.598 

0.570 

0.549 

0.533 

0.520 

0.510 

0.493 

0.480 

0.465 

0.447 

3 


0.2294 

0.725 

0.631 

0.586 

0.558 

0.538 

10.523 

0 511 

0.501 

0.485 

0.473 

0.458 

0.441 

4 


0.2043 

0.707 

0.617 

0.575 

0.548 

0.529 

0.514 

0.502 

0.492 

0.477 

0.465 

0.451 

0.435 

5 


0 1819 

0.690 

0.604 

0.503 

0.538 

0.519 

0.505 

0.495 

0.484 

0.469 

0.458 

0.444 

0.428 

6 


0.1620 

0.674 

0.592 

0.553 

0 528 

! 

0.510 

0 496 

0.485 

0.476 

0.462 

0.431 

0.437 

0.422 


♦ From formula I 


27rf- 3SM • H)-» „ 
logic {D/O 
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APPENDIX L 


Identifying Code Letters 

Code letters marked on motor name plates to show motor mput with locked 
rotor shall be m accordance with the following table 


Code 


Kva per Hp 

Letter 

with T^oeked Rotor 

A 

0 

to 3 14 

B 

3 

15 to 3 54 

C 

3 

55 to 3 99 

D 

4 

0 to 4 49 

E 

4 

5 to 4 99 

F 

5 

0 to 5 59 

G 

5 

6 to 6 29 

H 

6 

3 to 7 09 

J V 

7 

1 to 7 99 

K 

8 

0 to 8 99 

L 

9 

0 to 9 99 

M 

10 

0 to 11 19 

N 

11 

2 to 12 49 

P 

12 

5 to 13 99 

R 

The above table is an adopted stundaid uf the NLMA 

14 

0 and up 



QUESTIONS AND PROBLEMS 

QUESTIONS ON CHAPTER I 
Alternating Current and Voltage 

1. State briefly some of the industrial applications in which it is necessary to 
use direct current. 

2 . In spit e of the many applications of direct current, ^hy is a large pcjrcentage 
of power at the present time generated as alternating current? Name some 
secondary reasons for generating power as alternating current. 

3 . How does the weight of transmission conductor vary with the transmission 
voltage? Give reasons why it may be more economical to generate power in large 
quantities and transmit it over expensive transmission systems rather than to 
generate it at the point of use. 

4. What is meant by a sine wave? Discuss the wave form of commercial alter¬ 
nators. Why are sine waves assumed in making alternating-current calculations? 

6. Describe a graphical method of producing a sine wave. Show how such a 
wave may be plotted by the use of sine tables. 

6. Through how many space degrees must a coil turn, rotating in a bipolar 
field, before one cycle is completed? Under these conditions, what is the relation 
of the actual space degree to the electrical space degree? What is meant by an 
alternation? 

7. In a 4-pole alternator, through how many space degrees must a coil turn 
before a cycle is completed? Why? In this case, what is the relation between 
electrical space degrees and actual space degrees? How fast in rps must such a 
coil rotate in order to produce a frequency of (iO cycles per sec? in rpm? 

8 . What are two advantages of the higher frequencies for commercial genera¬ 
tion and utilization? Name two distinct disadvantages of the higher frequencies. 

9. Why is either 50 or GO cycles per sec usually chosen as the system frequency 
when a power company supplies both lighting and power loads? Under what 
conditions is 25 cycles used? What is the advantage of this frequency over 60 
cycles? 

10 . State a simple trigonometric expression that gives the variation with time 
of a sine-wave current. What is the significance of the quantity <o, in terms of 
the angular velocity of the rotating vector that is associated with the sine wave, 
and also in terms of the frequency? 

11 . What is the average value of an alternating-current sine wave over one 
complete cycle? Upon what basis is the value of an alternating-current ampere 
determined? Define an alternating-current ampere. 

12 . How does the heating effect of a current vary with the current? How does 
the squared-current sine wave compare with the original-current sine wave as 
regards frequency, maximum value, and axis of symmetry? What is the ratio of 
the maximum to the rms value of a sine wave? 

13 . By means of integration, derive the ratio of maximum to average value for 
a sine wave for a positive half-cycle. 

14. What is the ratio of rms to average for a half-cycle, and what is this ratio 
called? What is the ratio of average to rms value? 

617 



618 


ALTERNATING CURRENTS 


16 . Derive the equation for the current-squared sine wave. By means of 
integration, derive the ratio of the maximum to the rms value of a sine wave. 

16 . C/Oinpare 1 ohm resistance for alternating current with 1 ohm resistance for 
direct current. How is an alternating-current volt defined? 

17 . Define a scalar quantity; a vector quantity. How are vectors represented? 
How are they added? What is meant by the parallelogram of forces? the vector 
polygon of forces? How are two vectors subtracted? 

18 . What is meant by a current and a voltage being in phase with each other? 
In what terms is phase difference expressed? A certain wave crosses the time axis 
in a positive dir('ction to the right of anothcir wave. Is the first wave lagging or 
leading the other? JOxplain. 

19 . If two current waves are plotted, how can the sum of the currents b<* 
determined graphically? If two currents are in phase, how is their sum found? 

20 . Show that the sum of two currents is not necessarily equal to their algebraic 
sum. 

21 . Demonstrate the method of producing a sine wave by means of a rotating 
vector. How is the value of the wave dcitermined at any instant? What is the 
relation of the speed of the rotating vecdor to th(‘ circuit frequency? 

22 . If two current waves differ in phase by a certain angle, what is the relation 
existing between the rotating vectors that produce these waves? Illustrate with 
sketches. 

23 . Describe a fundamental method of adding two currents, showing how the 
resultant current is determined. 

24 . What relation exists between the resultant wave and the vector sum of 
the rotating vectors? Show* tliat tliis offers a ready method for adding alternating 
currents or voltages. Why may vectors representing rms values be used as well 
as vectors representing maximum values? 

26 . Show that the sum of a sine wave A sin x and a cosine wave B cos x is C 
sin (x -f- 0), deriving the value of C and 0 as functions of A and B. 

26 . From the equation of Qiuistion 25. show that sine waves differing in pliase 
by angles other than 90'' may be similarly added. 

PROBLEMS ON CHAPTER I 

Alternating Current and Voltage 

1 . A 60-cycle alternating current has an rms value of 42.42 amp, making its 
maximum value? 60 amp. Draw the current wave to scale by the method of Fig. 
4 (p. 5); also, construct the wave from a table of sines (see p. 606). Indicate 
rms value and average value (for a half-cycle). 

2 . Determine instantaneous values of the current in Prob. 1 for angles of 
15, 30, 60, 75, 270, 290°, using a table of sines. To what values of time do these 
angles correspond, assuming that zero time is when the wave crosses the axis in a 
positive direction? 

3 . A sine-wave alternating voltage has a maximum value of 170 volts and a 
frequency of 25 cycl(?s per sec. Determine (a) value of voltage 0.001, 0.004, 0.01 
sec after crossing zero axis in a positive direction; (6) angles corresponding to each 
value of time; (c) rms and average (for a half-cycle) values. 

4 . A 50-cycle alternating current has a maximum instantaneous value of 
42.42 amp. It crosses the zero axis in a positive direction when time is zero. 
Determine (a) time when current first reaches a value of 30.0 amp; (b) time when 
current, after having gone through its maximum positive value, reaches a value of 
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36.7 amp; (c) value of current when the time is H 20 sec; (rf) value of time when 
current first reaches a negative value of 21.21 amp. 

6. The rated speed of the 108,000-kva 13,800-volt 3-phase 60-cycle water¬ 
wheel alternators at the Grand ("oulee Dam in the state of Washington is 720 
rpm. How many poles have the alternators? How many electrical space degrees 
correspond to one actual space degree? 

6. At Niagara Falls there is in operation a 65,000-kva 12,000-volt 25-cyele 
107.1-rpm 3-phase alternator. How many poles has the alternator? How many 
electrical space degrees correspond to one actual space degree? 

7. The 35,000-kva 13,800-volt 3-phase 50-cycle water-wheel alternators at 
Big ('reek, Galif., have a speed of 375 rpm. IIow many poles have they? Deter¬ 
mine the number of poles for a 2,000-kva 60-cycle 3-phase gas-engine-driven alter¬ 
nator having a rated speed of 133.3 rpm. 

8. A current is given by i = 22.62 sin 377/. D(‘termine {a) maximum value; 
(6) rms value; (c) frequency; (<i) radians through winch its vector has gone when 
t = 0.01 sec; (c) number of degrees in {d) ; (/) value of current at instant in {d). 

9. An emf is given by 170 sin 314.2/. Determine {a) maximum value; (6) 
rms value; (c) frequency; {d) radians through which its veclor has rotated in 
0.0015 sec; (c) degrees in (d); (/) value of eml at instant in (d). 

10. \ 25-cvcl(' emf has an rms value of 250 volts, is zero and increasing posi¬ 
tively when time / = 0. Determine {a) maximum value; {b) equation; (c) radians 
at / = sec; (d) degrees in (r); (c) emf at time / in (c). 

11 . The rms value of a sine wave current is 42.12 amp, and the frequency is 60 
cycles per sec (a) Blot the sine wave squared, using a much smaller scale than 
that of the original current wave. Determim* (b) frequency of squared wave; (c) 
distance in amp- of axis above 0-axis; (d) maximum value; (e) average of squared 
wave; (/) square root of (c); (g) ratio of (/) to maximum value of current wave. 

12 . In Prob. 11, determine (a) average value of current wave for a half-cyclc; 
(b) ratio of average to maximum value; (c) ratio of rms to average* value. 

13 . Express a 60-c3H*le 10-anip (rms) current as a time function by an equation 
of the form / = Im sin co/. (a) Derive the .s(|uared value as a cosine function of the 
frequency doubled and time, (b) Sketch each wave, (c) At what value of time 
does current^ first reach a value of 29.3 amp-? (d) 50.0 amp^? (c) 125.88 ainp^? 
(/) Determine four consecutive values of time at which the current si^uared reaches 
200 amp*. 

14 . The rms valin* of a 50-cycle emf is 200 volts. Determine (a) equation of 
emf as a sine function of time /; (b) eciuation of emf sipiared; (r) value of emf 
squared at / = '200 Uoo sec; (d) average of (b) by integration; (e) square 
root of (d). 

16 . The maximum value of a 25-c.ycle current wave is 25.45 amp. Determine 
(a) equation of w^ave; (b) averagt* value for half-cycle by int(*gration; (c) equation 
of current-squared wave; (d) value of current squared wdien / == ’^200 sec*; (e) 
average of squared w'ave by integration; (/) scpiare root of (e); (g) ratio of (/) to 
maximum value. 

16 . Fig. 16A shows a square- 
topped 500-cycle emf w^ave having a 
maximum value of 20 volts. For 0.2 
of each cycle the value of tlu* emf is 
zero. Determine (a) average value 
for a half-cycle; (b) rms value. 


20 V. 
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17. In Fig. 17.4 is shown a rectified sine wave of current (see Chap. XV) in 

which the negative half-cycles have been 
reversed in sign. The maximum value of 
the half waves is 40 amp. Determine (a) 
reading of a-c ammeter, which measures 
rms values; {b) reading of d-c ammeter, 
which measures avcra< 7 c values; (c) average 
power if current flows through a resistance 

of 5 ohms; (d) percentage error if d-c ammeter reading b(‘ taken in computing the 
power, (c) For what type of application would d-c ammeter give required value of 
current? 

18. A direct current of 12.5 amp flows in a 25-ohm non inductive resistance. 
Determine (a) maximum value of an alternating current that will produce heat at 
the same rate in this resistance; ( 6 ) maximum rate in joules per second at which 
this alternating current dissipates energy; (c) average rate at which it dissipates 
energy. 

19 . Number 6 AWG underground cable, which supplies a series incandescent- 
lamp system witli alternating current (.see p. 290), is guarantc'ed to operate safely 
with 5,000 volts (rms) alternating. If the system wer(‘ changed to direct current, 
at what voltage would it be safe to operate the sys 1 (‘m? 

20 . A 60-cycle 200-volt (rm.s) wave is known to lead the curremt in the circuit 
by an angle of 50®. The rms value of the current is 30 amp. Draw with some 
care, Fig. 4, p. 5, the corresponding waves of voltage and curr(*nt. As an initial 
value of time assume that the voltage first pa.sses through zero in a positive direc¬ 
tion at 12 o^’lock. Determine («) time after 12 that current first crosses axis in a 
positive direction; (b) value of voltage at this instant; (c) value of voltage at instant 
current first crosses axis in a negative direction. 

21 . Two 50-cycle curnmts having rms values of 22.6 and 33.9 amp differ in 
phase by an angle of 60®, the latter current lagging. Plot with .some can'. Fig. 4, 
p. 5 , their waves, and by adding ordinates determine resultant current wave. 

Determine graphically (a) maximum value of resultant wave; (b) rms value; 
(c) resultant obtained by adding two rms currents as vectors diffi'ring in pha.se by 
60®, and compare with (b); (d) angle between resultant and 22 . 6 -amp vector, and 
compare with the corresponding anglt* obtained from graph of instantaneou.s values; 
(e) value of 22.6-amp current when 33.9-amp curn'nt first crossi's axis in po.sitive 
direction. 

22 . (a) Witli the two radius vectors tliat gi'iierate the wave's in ProVi. 21, find 
instantaneous value of each current when the algc'braic sum of the two currents 
first is zero, (b) If the radius vector of the 22.6-amp current starts at 0°, through 
how many degrees must two vectors rotate' in orele*r to eibtain value's in (a)? 
Determine' (c) first time at which positive instantane'enis value's eif both currents are 
equal; (d) values of currents e'orre'.spemeling to tliis time. 

23 . Two currents /i = 12 sin 2x60^ and /^ = 9 cos 27r6(K fleiw' in a wire, (a) 

By means of Fq. ( 11 ) p. 22, determine* equation of resultant current t'a and angle 
0 between and ’3. (b) Determine rms value ot 13. 

24 . Two ('mfs Cl = 35.35 sin 27r25/ and e-j =40 cos 27r25/, are connected in 
series. Determine (a) ('epiatioii of their r('.sultant emf ca, u.sing Kq. ( 11 ) p. 22; (b) 
angle 0 between ei and C 3 ; fr) rms value of cs. 

25 . Two 50-cycle currents fi = 2.5 sin (wi ~ 15®) and 1*2 = fl.5 sin (cot — 75®'' 
flow into a common wire. Determine (a) their resultant ?3, using method on p. 
23; (b) angle between ti and 13 ; (c) angle between 12 and 13 ; (d) rms value of is. 
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26 . An emf e\ — 100 sin (27r50i — 76°) is in scries with an emf e% ** 120 sin 
(2ir50f — 105°). Determine («) their resultant ea, using method on p. 23; (6) 
angle between €y and ca; (c) angle between ^2 and ea; (d) rrns value of cs. 

27 . In Fig. 27i4 are shown a lamp load taking G amp (rms) and a single-phase 
motor taking 4 amp from a 120-volt 60-eyele source. The current to the lamp 
load is in phase with the voltage, and the current to the motor lags 50°. Determine 
(a) value of total current /; (6) angle by which total current lags 6-amp current; 
(c) angle by which total current lags voltage. 


Source 
120 V. 
60 oj 


Lamp 
Load 
6 Amp 


i Motor 
/ 4 Amp 


T 


Fig. 27A. 


To Load 



28 . Two alternators A and B are connected to the same 2,300-volt bus bars, 
Fig. 28A. Alternator A delivers 150 amp (rrns), and alternator B d(*livers 200 
amp (rms). Th(‘ current of alternator .1 leads that of B by 20°. Determine (a) 
total current /a to load; (b) phase angle* betw(‘en /a and current of alternator A. 

29 . When tin* total current on the system (Prob. 28) is 400 amp, alternator A 
supplies 34G. 1 amp and tliis current leads the dOO-amp current by 30°. Determine 
th(‘ current suj)plied by B and the phase angle that it makes with the total current 
and the current supplied by A. 

30 . h)ach of two alternator coils AO and OB^ P'ig. 30/1, generates 240 volts 
(rms). 'Phe emf generated in coil AO leads that generated in coil OB by 120°. 
Draw vectors representing these emfs, and determine (a) emf across open ends 
AB ot the two coils wh(*n they an* connected in series; {b) angh* that this end makes 
with end in AO. 




31 . Coil OB (Prob. 30) is reversed (now BO) so that its emf now leads that of 
coil AO by 60°. Draw vectors rt’presenting the emfs and determine («) emf across 
their open ends; (5) angle that this end makes with emf of coil AO. 

32 . Two transformer secondary coils AO and OB, Fig. 32A, connected in 
sr*rioa generate emfs of 129.9 and 150 volts (rms), the emf in coil AO leading that 
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in coil OB by 90°. Draw the vectors representing these emfs, and determine (a) 
emf across open ends AB] (h) angle that this emf makes with enif in AO. 

33 . The turns of transformer AO (Prob. 32) are adjusted so that the emf of 
coil AO becomes 150 volts, but the application of load causes the angh^ between the 
two emfs to become 85°. Determine (a) and (5), I’rob. 32, under these conditions. 

QUESTIONS ON CHAPTER II 
Alternating-current Circuits 

1 . At any instant how may the power in an alternating-current circuit be 
determined? Sketch a voltage and a current wave in phase, and sketcli also the 
resulting power wave. If the maximum values of the voltage and cuiTerit waves 
are \/2 E and \/2 /, what is the maximum value of the power in watts? the average 
value in watts? 

2 . If the voltage and current waves in Question 1 are given by E„i sin cot and 
Im sin cut, show that the power wave is a sine (or cosine) wave of double frequency. 

3 . Sketch voltage, current, and power waves lor a circuit in which the current 
lags the voltage by 90°. Compan* this power wave with that in wdiich the current 
is in phase with the voltage. What is the average jiow^er delivered to a circuit in 
which the current lags the voltage by 90‘? 

4 . It the voltage iiiid current waves in Question 3 are given by Em sin cot and 
—7m cos w/, show't liaL t be pow'er w ava* is a sine w'ave of doiibb' frcsjuency. 

6. Sketch voltage, current, and pow'er waves for a circuit in w'hich voltage* 
and current differ in phase by an angle 0 which is less than 90^ but greater than 
zero. Compare this power wave w'ith those of Questions 1 and 3. What is meant 
by potver factor/ To what ratio is power factor equal? 

6. When an alternating voltage is impressed across a resistance*, what phase 
relation exists betwee*n voltage* anel re*sulting curre'iit? (live'ii the veiltage and 
the resistance, ele'iive the* e‘quation for the pow'er in the circuit. IIow' is the* power 
in such a circuit eletermine‘d? 

7. What is the effe*ct eif inductance on the buileling up of a curre*nt in a circuit 
across which a steaely elire*ct-e*urre*nt voltage is impre*sse*d? What occurs when the 
curremt attempts tei elie out in an inductive circuit? State heiw' the e*urre*nt is 
prevented frenn re*aching its Ohm’s-law' value in sue*h a cire*uil. 

8. What e*ffe*ct does ineluctance have in an alternating-e'urre'iit circuit on (a) 
phase angle betw'een current and voltage; (5) magnitude eif the current? What is 
the effect of frequency upon the magnitude of the current? What is inductive 
reactance? 

9. What, in general, is the effect of capacitance on tin* current in any electric 
circuit? How does capacitance affect (a) phase angle between current and voltage 
in an alternating-current circuit; (b) magnitude of the current? 

10 . What is the effect of frequency on the magnitude of the current in a cir¬ 
cuit containing capacitance only? What is capacitive reattance? What is the 
value of the average pow'er taken by a perfect capacitor? Show that the power 
wave is a sine wave of double frequency. 

11 . What is the phase relation between current and voltage across the resist¬ 
ance in a circuit containing resistance and inductHiice in series? betwreen current 
and voltage across the inductance? How is the line voltage obtained? 

12 . Define impedance? How may the angle between line voltage and current 
be determined in a circuit having impedance? With constant voltage and current, 
what effect does this angle have on the power? 
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13* What is the phase relation between current and voltage across the resist¬ 
ance in a circuit containing resistance and capacitance in series? between current 
and voltage across the capacitance? What is the phase relation between line 
voltage and current? Draw the vector diagram for the circuit. 

14 . Draw the vector diagram for a circuit having resistance, inductance, and 
capacitance in series. To what are the tangent and cosine of the circuit phase 
angle equal? 

16 . Define resonance in a series alternating-current circuit. What phase rela¬ 
tion exists between line voltage and line current? What is the numerical relation 
existing between the inductive voltage and the capacitive voltage? With both 
inductance and capacitance in a series circuit, show that the voltage across each 
can be much greater than the line voltage. 

16 . Show with sketches the effect on the current of changing the frequency in a 
series circuit having fixed values of resistance, inductance, and capacitance. Also, 
show the effect of changing the ratio of inductance to capacitance in the circuit 
when the resonant frequency is kept constant. 

17 . By means of a sketch show what is meant by the sharpness of tuning, or 
the selectivity, of a series circuit. How is selectivity defined quantitatively? 

18 . In practice, why is parallel grouping of resistances, inductanc(‘S, etc., niorc^ 
common than series grouping? How may the resultant of several currents be 
found? In what way does parallel resonance differ from seri(*s resonance, espe¬ 
cially with regard to the value of the current? In what way are the two similar? 

19 . Draw a vector diagram for a circuit with (a) resistance and inductance 
in parallel; {b) resistance and capacitance in parallel; (c) resistance, inductance, 
and capacitance in parallel. 

20 . Show with a sketch the effect on the current of changing the freciuency in a 
parallel circuit having fixed values of resistance, inductance, and capacitance. 
Also, show the effect on the circuit impedance, and compare these curves with 
those in Question 16 for the series circuit. 

21 . Explain wh)’' the alternating-current resistance of an iron-cored impedance 
coil differs from the direct-curn'iit resistance. Define effective resistance. How 
may the losses in the coil be taken into consideration when the impedance coil is 
connected in circuit -with resistance, etc ? 

22 . How may the phase relations existing in a series circuit having two com¬ 
ponent voltages be determined w hen these voltages and the line voltage are known? 
Draw a vector diagram for a circuit with resistance and inductive impedance in 
series; with capacitive impedance. How may the power and the power factor of 
each part of the circuit be determined? 

23 . lOxplain why a circuit in w hich the line voltage and three component volt¬ 
ages are knowm in magnitude only is indeterminate unless one more factor be 
known. What additional information makes tin* circuit relations determinable? 
Draw a vector diagram for a circuit w'ith resistance, inductive impedance, and 
capacitance in scries. 

24 . In what w’ay is the polygon of currents similar to the polygon of voltages? 
In what way do the two polygons differ? Draw^ a vector diagram for a circuit with 
resistance, inductive impedance, and capacitance in parallel. 

26 . What is meant by energy current! What relation does it bear to the power? 
What is quadrature current, and what relation does it bear to the power? Why is 
quadrature current in generating apparatus and in transmission and distribution 
lines usually undesirable? How may the lagging quadrature current in such lines 
be reduced or eliminated? 
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26 . Define reactive volt-amperes, and state the unit in which they arc expressed. 
What is the relation among watts, vars, and volt-amperes? 

27 . Describe a method for finding the total current and power when a number 
of impedances are connected in parallel. 

28 . In a series circuit at constant voltage, what is the relation of resistance to 
reactance in order that the power be a maximum? If a variable r(»sistanc(' is in 
series with a fixed impedance, what is the relation of the resistance to the impedance 
in order that the power be a maximum? 

29 . Why are commercial voltage and current waves frequently non sinusoidal? 
Why is it possible to use sine functions in the analysis of circuits having such waves? 
Show that the usual voltage and current waves in power circuits cannot contain 
even harmonics. How is the rms value of two or more harmonic voltages or cur¬ 
rents found? 


PROBLEMS ON CHAPTER II 
Alternating-current Circuits 

34 . The emf and current waves of a circuit having resistance only are c = 170 
sin 27r60^ and i = 14.14 sin 27r()0f. Determine (a) equation of power wave; {b) 
frequency of powder wave; (r) maximum value of power wave; (d) average^ power; 
(e) powder w^hen t = }480 sec, ^240 seCy ^90 sec. (/) Draw' voltage, current, and 
power waves. 

35 . The emf and current weaves of a circuit having inductance only are e = 
141.4 sin 2Tr25t and i = —17.0 cos 2 Tr2bt, Determine {a) equation of power wave; 
( 6 ) frequency of power w'ave; (c) maximum value of power wave; (r/) average power; 
(e) power when t = Hoo ,^100 sec, sec. (/) Draw voltages curremt, and 
power waves. 

36 . A lamp load consists of thirty 100-vvatt lamps each taking rated power 
from a 120-volt supply. Determine («) power when supply is d-c; {b) when supply 
is 60-cycle sinusoidal a-c; (c) equation of a-c voltage wave if voltage is zero and 
increasing when / = 0 ; (d) eejnation of current wave; (c) equation of pow’er W'ave. 

37 . An electric flatiron whose heating element is practically a pure resistance 
takes 480 watts when connected across llS-volt d-c mains. Determine (a) power 
that it takes from 120-volt 60-cycle mains; (6) its resistance; (r) equations of a-c 
voltage, current, and power waves (draw weaves), zero time being when voltage is 
going through zero and increasing positively; (d) maximum value of power; (c) 
instantaneous power when t is 14 x 0 «ec. (/) Hhow graphically that average power 
over 1 cycle is product of rms volts and amperes. 

38 . A pure inductance tak(*s 4 amp from 120-volt (rrns) 60-cycle mains. 
Determine (a) equation of voltage* and current waves, zero time being when current 
is going through zero and increasing positively; (b) equation of power wave; (c) 
maximum instantaneous power; (d) average power; (e) maximum energy stored in 
inductance; (/) rate at which emf of self-induction is changing when t = H 40 sec. 
(gf) Plot all three waves. 

39 . {a) At no-load, a 25-kva 60-cyclc transformer takes 0.320 amp at 2,300 
volts, and the power factor is 0.17. What power docs it take at no-load? {b) 
At full load, the transformer takes 10.9 amp at 2,300 volts, and the power is 22.5 
kw. What is its full-load power factor? 

40 . (o) At light load, a 10-hp 220-volt 60-cycle single-phase motor takes 29.5 
amp at 220 volts, and the power factor is 0.44. Determine watts input. (6) 
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Near rated load, the input is 45.2 amp at 220 volts, and power factor is 0.83. If 
the motor efficiency at this load is 0.86, determine its output in horsepower. 

41 . A 240-volt single-phase generator is rated at 60 kva at a power factor of 
0.80. Determine (a) rated current; (6) power required to drive generator at rated 
load if efficiency is 0.90; (c) maximum power that generator can deliver and not 
exceed its kva rating, assuming that driving power is not limited. 

42 . The generator of Prob. 41 is delivering 40 kw at 235 volts and 52 kva. 
Determine (a) power factor; (6) current. 

43 . The inductance of a coil is 0.191 henry, and the resistance is negligible. 
When the coil is connected across 120-volt 50-cycle mains, determine (a) current; 
(6) equation of emf and current waves, the emf being zero and increasing positively 
when ^ = 0; (c) equation of power wave; (d) maximum power; (c) power when 
t «= 0.00667 H(‘c; (/) rate of change of emf of self-induction when i = 0.0075 sec. 
(g) Plot all thr(‘(‘ waves. 

44 . Itepeat Prob. 43 whcm the frequency is 25 cycles per sec, all other factors 
remaining unchanged. 

46 . A coil having an inductance of 0.179 henry and negligible resistance takes 
4.0 amp from 220-volt a-c mains. Determine (a) frequency; (b) current when 
connected to 220-volt 60-cycle mains; (c) current when connected to 110-volt 
50-cycle mains. 

46 . A reactance coil whose resistance is negligible takes 1.060 amp from 120- 
volt 60-cycle mams. Determine (a) its inductance; (b) current that it will take 
from 120-volt 25-cycle mains. 

47 . A reactor of 200 ohms is desired for a 1,000-cycle telephone circuit. 
Determine (a) its inductance; (b) current that it takes from 50-volt 796-cycle 
supply. 

48 . A capacitance of 40 ^f is connected across a 230-volt (rms) 60-cycle 
supply. Determine (a) rms current; (b) maximum instantaneous current; (c) 
equations of emf and current waves, zero time being when emf is crossing zero 
axis in a positive direction. 

49 . A capacitance of 4 ^f is connected across a 40-volt (rms) 1,000-cycle 
power supply. Determine (a) rms current; (b) maximum current; (c) equations 
of current and emf waves, zero time being when current wave is crossing zero 
axis in a posit ive direct ion, (d) maximum rate of change of current and of emf. 

60 . The emf and current waves in a circuit having capacitance only are 
c = 311 sin 27 ro 0 f and ? = 5.65 cos 2x50<. Determine (n) equation of power wave; 
(b) frequency of power wave; (c) maximum value of power wave; (d) average power; 
(e) power when / = ^ soo sec, ^400 sec, ^300 sec. (/) Draw the waves. 

61 . A 4-juf capacitor is connected across an emf of 50 volts (rms), 1,000 cycles. 
Determine (a) equation of emf and current, zero time being when emf is crossing 
axis in a positive direction; (b) equation of power wave; (c) maximum instan¬ 
taneous power; (d) average power; (c) maximum energy stored in capacitor; (/) 
maximum rate of change of current, (g) Plot all three waves. 

62 . A capacitor has a capacitance of 18 Determine current that it takes 
from (a) 115-volt 60-cycle mains; (b) 115-volt 133-cycle mains; (c) 220-volt 
120-cycle mains. 

63 . The capacitance of a telephone capacitor is 0.4 /nf- Determine (a) its 
reactance at 1,000 cycles; (b) current that it takes when an emf of 20 volts at 1,000 
cycles is impressed on it; (c) current at 25 volts, 796 cycles. 

64 . In a power circuit it is desired to obtain a 90° leading current of 60 amp 
by the use of capacitors, the voltage supply being 600 volts, 60 cycles. (Capacitors 
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are used on power systems to correct power factor.) Determine (a) required 
capacitance; (Jb) current that capacitors would take at 440 volts, 120 cycles. 

55 . It is desired to obtain 43.5 amp at 2,300 volts, 60 cycles, by means of 
capacitors. Determine (a) necessary capacitance in microfarads; (6) kva rating 
of capacitors; (c) kva rating at 2,300 volts, 25 cycles. 

56 . (a) A capacitance of 2.0 /uf takes 0.754 amp when connected to a 50-volt 
source. Determine frequency. (5) A capacitance of 100 /x/xf takes 0.06 amp when 
connected to a 500-kc source. Determine voltage. 

57 . A capacitor when connected across 120 volts, 60 cycles, takes 8 amp. 
Determine (a) current whem capacitance and frequency are both doubled, (b) 
Repeat (a) for inductance and compare. 

68. A 6-ohni resistor and an 8-ohm inductive reactance when connected in 
series across a 60-cycle supply take 12 amp. Determine (a) impedance of circuit; 
(6) voltage across resistor; (r) voltage across reactance; (d) circuit voltage; (e) 
power; (/) angle between current and voltage; (</) power fa(*tor; (h) inductance. 
(?) Draw vector diagram. 

69. A 0.0159-henry inductance coil and a 4-ohm resistor are connected in 
series across 240-volt 60-cycle mains. Determine (a) reactance; (b) impedance; 
(c) current; (d) power; (e) phase angle; (/) power factor; (g) voltage across resistor; 
(h) voltage across inductance coil. (/) Draw vector diagram. 

60. Repeat Prob. 59 with the inductance halved. 

61 . When a 12-r)hm ri'sjstor and an unknown inductance coil of negligible 
resistance are connected in s(Ties across a 120-volt 50-cycle supply, the current is 
8 amp. DetermiiK' (a) reactance; (/>) inductance; (c) phase angle; (d) power; 
(e) power factor; (/) voltage across resistor and across inductance coil, (ff) Draw 
vector diagram. 

62 . The corrected n'adings of a voltimder, ainnuder, and wattmeter when con¬ 
nected to measure the voltage, current, and power of a circuit known to consist 
only of resistance and inductance coil in series are as follows: volts, IIS; amperes, 
3.27; pow^r, 320 W’atts. The frequency is 60 cycles. Determine (a) power factor; 

(b) circuit jihase angle; (c) rc'sistance; (d) reactance*; (c) inductance; (/) voltage 
across resistance and inductance coil. ((/) Draw' vector diagram. 

63 . The primary of a telephoiK* induction coil has an eff(*ctive resistance of 
68 ohms and an inductance of 0.154 henry. Determine (a) impedance at 1,000 
cycles; (b) current that it takes when 50 volts at 1,000 cycles is impressed across it; 

(c) power to coil. 

64 . The current in a circuit known to consist only of resistance and inductance 
in series is 8.31 amp when the circuit is connected across 120-volt 25-cycle mains; 
when connected across 120-volt 60-cycle mains the current is 5.30 amp. Deter¬ 
mine the resistance and inductance. 

66. The current in a series inductive circuit is 7.5 amp at 25 cycles. The cir¬ 
cuit takes 425 watts, and the power factor is 0.47. Determine (a) circuit voltage; 
(b) series inductance; (c) resistance, (d) Draw vector diagram. 

66. A 50-ohm resistor and an 80-/if capacitor are connected in series across 
115-volt 60-cycle mains. Determine (a) current; (h) power; (c) power factor; 

(d) voltage across resistor; (c) voltage across capacitor. (/) Draw vector diagram 
(g) Repeat with the circuit connected across 115-volt 25-cycle mains. 

67 . A current of 2.0 amp at 60 cycles flows in a circuit with a resistor and a 
capacitor in series. The voltage across the resistor is 60 volts, and that across the 
capacitor is 90.8 volts. Determine (a) circuit voltage; (b) power; (c) power factor; 
^d) capacitance, (e) Draw vector diagram. 
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68. A circuit with a resistor and a capacitor in series takes 200 watts at a 
power factor of 0.40 from 200-volt 50-cycle mains. Determine (a) current; (6) 
power-factor angle; (c) resistance; (d) impedance; (c) capacitance. 

69 . A circuit with a resistor and a capacitor in series takes 3.0 amp, 216 watts, 
at 0.6 power factor from a 60-cycle supply. Determine (a) resistance; (6) circuit 
voltage; (c) capacitive reactance; (d) capacitance; (c) power-factor angle. 

70 . A 33-ohm resistor is in series with a 35.3-Mf capacitor across a constant- 
potential source of 100 volts. Determine (a) frequency that will give current of 
2.0 amp; {b) circuit power; (c) power factor, 

71 . A circuit with a 50-Aif capacitor and an adjustable resistor in series is 
connected across 120-volt 60-cycle mains. To what value of ohms must the resis¬ 
tor be adjusted for the circuit to take SO watts? (Two values of resistance will 
satisfy this condition.) 

72 . A 50-cycle current of 2.0 amp Hows in a circuit consisting of an adjustable 
resistor and a 56.6-Mf capacitor in s(*ries. Determine {a) value to which resistor 
should be adjusted for the voltage across the capacitor to be 0.75 the voltage across 
the circuit; (6) circuit voltage; (c) power; (d) power factor. 

73 . A seri(‘s circuit with 12 ohms resistance, 32 ohms inductive reactance, and 
20 ohms capacitive reacdance is connect(*d across 240-volt (iO-cycle mains. Deter¬ 
mine (a) impedance; (6) current; (r) voltage across each circuit element; (d) power; 
(c) pow'er factor and power-factor angle. (J) Draw' vector diagram to scale. 

74 . A voltage of 220 volts at 60 cycles is impressed on a circuit having a 
50-ohin rc'sistor, 25-/if capacitor, and 0.2-henrj' inductor in series. Det(*rmino 
(a) impc'dance; (6) current; (c) voltage across r(*sistor, inductor, capacitor; (d) 
total powder; (c) power factor and pow'er-factor angle. (/) Draw' v(‘Ctor diagram. 

76 . A 15-ohni resistor, a 0.25-henry inductor, and a 100-/Lif capacitor arc con¬ 
nected in series across 200-volt 25-cycle mams. Determine (o) current; (5) pow'er; 

(c) voltage across resistor, inductor, capacitor; (d) circuit power factor and pow'cr- 
factor angle, (c) Draw’ vector diagram. 

76 . A scries circuit w’lth a 12-ohin resistor and a 32-ohm inductive reactance 
is connected across 240-volt 60-cycle mains (Prob. 73). Determine (a) capacitive 
reactance that w'ill make circuit resonant; (5) current; (() circuit pow'iT; (d) values 
of capacitance and inductance. 

77 . In Prob. 74 determine for resonance (n) value of capacitance C with 
resistance R, inductance />, and frequency/ as given; {b) value of inductance L 
with C and / as givim; (c) value ol / with L and C as given; (d) voltage across 
inductor and capacitor in (a), (5), (r); (^) current and power in (a), (5), (r). 

78 . In a series circuit the resistance is l,(K)0 ohms and the inductance 0.008 
henry and the capacitance is adjustable. Determine {a) value of capacitance to 
give resonance at 1,000 cycles; (5) current if emf is 40 volts; (c) voltage across 
inductance and across capacitance; (d) power. 

79 . A series circuit with a l0-r)hm resistor, a 0.2-henry inductor, and a 
capacitor are connected across 120-volt, 60-cycle supply. Determine (a) capaci¬ 
tance for resonance; (5) voltage across inductance and across capacitance. The 
inductance is increased to 0.3 henry. Determine (r) capacitance for resonance; 

(d) value of Q, (c) Which value of inductance gives greater selectivity? 

80 . (<oil A has an inductance of 250 fih and an effective resistance of 5.0 ohms. 
Coil B has an inductance of 190 /th and an effective resistance of 3.0 ohms. In the 
region of 700 kc per sec, which coil is the better frpm the standpoint of sharpness 
of tuning? 
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81 . A coil has a Q of 200 at a frequency of 1,700 kc, and its inductance is 74.0 
Aih. Determine its power factor. 

82 . A series circuit consists of a 12-ohm resistor, a 24-ohm inductive reactor, 
and an adjustable capacitor. To what two values can the capacitive reactance be 
adjusted in order that the circuit may take 620 watts from 120-volt 25-cvcle mains? 

83 . A series circuit is connected across 120-volt 50-cycle mains. The capaci¬ 
tance is 60 fxfy and the inductance is 0.3 henry. To what two values may the resist¬ 
ance be adjusted in order that the circuit may take 160 watts? 

84 . (a) In Prob. 82, to what valye should the capacitor be adjusted in order 
that the current be a maximum? Determine (b) voltage across resistance, 
inductance, capacitance; (c) power, (d) Draw vector diagram. 

86. In Prob. 83, with a resistance of 25 ohms, determine («) frequency that will 
make current a maximum; (h) voltage across resistance, inductance, capacitance; 
(c) power, (d) Draw vector diagram. 

86. A telephone receiver has an effective n'sistance of 80 ohms and an imped¬ 
ance of 350 ohms at 1,000 cycles. Determine (a) capacitance in senes that will 
make phase angle zero between the applied voltage and current at 1,000 cycles, (b) 
power to receiver when the applied voltage is 3.0 volts; (c) voltagi' across receiver 
and capacitor under these conditions. 

87 . A series circuit consists of 20 ohms re.sistance and an adjustable capacitor 
and inductor. With 240 volts, 60 cycles, impreshcd on circuit, determine for each 
of the following values of inductance the capacitance that w ill giv(* resonan(‘e at 60 
cycles: 0.04, 0.1, 0.5, 1.0 henry. Plot curves of current and frequency (see Fig. 43, 
p. 47). 

88. A 24-ohm resistor and a 0.0796-henry inductor are connected in parallel 
across 115-volt 60-cycle mains. Determine («) curr(‘nt in resistor, (/>) current in 
inductor; (c) total current; (d) power factor; (c) power-factor angle. (/) Draw 
vector diagram. 

89 . A 40-ohm resistor and an inductor are connected in paralU*! across 120- 
volt 50-cycle mains, and the total current is 6.0 amp. Det(‘rmine inductance. 

90 . An 80-ohm resistor and a 4 0-/xf capacitor are connected in parallel across 
a 240-volt 400-cycle supply. Determine (a) current in resistor; (b) currimt in 
capacitor; (c) total current; (d) power-factor angle*; (r) power factor. (/) Draw 
vector diagram. 

91 . A circuit consists of a resistor and a 53.0-//f capacitor in parallel across 
120-volt 60-cycle mains. The total current is 4.0 amp. Determim* ohms of 
resistor. 

92 . A 25-ohm resistor, a 0.1-henry inductor, and a HiO-iuf capacitor ar(‘ con¬ 
nected in parallel across 200-volt 25-cycle mains. Determine (a) current to 
resistor, inductor, capacitor; (b) total current; (c) power-factor angle; (d) power 
factor, (e) Draw vector diagram. 

93 . A 50-ohm resistor, an 80-<jhm inductive reactor, and a 60-ohm capacitive 
reactor are connected in parallel across 240-volt fK)-cycle mains. Determine (a) 
current to resistor and inductive and capacitive reactors; (b) pow^r-factor angle; 
(c) power factor; (d) power, (e) Draw vector diagram. (/) To what value of 
capacitance should the capacitive reactor be adjusted to give antir<*sonance? 

94 . With a secondary load, the primary of a telephone induction coil, having 
an effective resistance of 240 ohms and an inductance of 0.01583 henry, is in parallel 
with a 2-iuf capacitor of negligible resistance. With 50 volts at a frequency of 1,000 
cycles across the primary, determine (a) current to primary; (h) current to capaci- 
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tor; (c) line, or total, current; (d) power to entire circuit; (e) phase angle between 
line current and voltage. 

96 . A 30-ohm resistor and a 0.0637-henry inductor are connected in parallel 
across a 120-volt a-c supply. Determine (a) frequency at which total current will 
be 7.22 amp; (6) power factor of circuit, (c) Draw vector diagram. 

96 . A 25-ohm resistor and an unknown capacitor are connected in parallel 
across a 100-volt 50-eycle supply, and the total current is 4.75 amp. When the 
resistor and capacitor are conneet(*d across a 100-volt supply of unknown fre¬ 
quency, the current is 6.41 amp. Determine frequency. 

97 . A 12-ohm resistor, a 0.1-hcnry inductor, and a 106-/xf capacitor are con¬ 
nected in parallel across 120-volt 60-cycle supply. Determine (a) current to 
resistor, inductor, capacitor; (h) total current; (c) pha.se angle; (d) power factor; 
(cy power. (/) Draw vector diagram. 

98 . A 25-ohm resistor, a 0.05-henry inductor, and an adjustable capacitor 
are connected in parallel across a 100-volt 120-cycle .supply. Determine (a) capac¬ 
itance to make circuit autiresonant; (b) current to inductor and to capacitor; 

(c) power. 

99 . A 0.02-henrj’' inductor, a 200-ohm r(‘sistor, and an unknown capacitor are 
connected in parallel across a 100-volt circuit. When the circuit is adjusted to 
antiresonance, the current taken by the inductor is 0.796 amp. Determine (a) 
frequency; (b) value ot capacitance, (r) Draw vector diagram. 

100 . A circuit consists of a 0.1876-henry inductor having negligible resistance in 
parallel with a Lo-^f capacitor. Determine tlu* antir(‘sonant frequency. For a 
constant applied voltage of 100 volts, plot a curve of current and fn'quency as the 
frcMjuency is varied from zero to 500 cycles. What is the current when the fre¬ 
quency is infinite? 

101 . Kepeat Prob. 100 with the capacitance equal to 10 ^f and inductance corre¬ 
spondingly adjusted to give the same antiresonant frecpiency. 

102 . A 2-Mf capacitor, a 200-ohm resistor, and a 0.01269-henry inductor are 
connected in paralh'l. Determine (a) value of frequency for minimum current; 
(b) value of current if emf is 40 volts; (c) impedance of circuit at 800 cycles; (d) 
impedance at 1,200 cycles. 

103 . A 50-ohm resistor and a 0.15-heiiry inductor are connected in parallel 
across 200-volt 60-cyclc mains. Determine (a) power factor of circuit; (h) value of 
parallel cajiacitance to give unity power factor; (c) parallel capacitance to give 0.8 
power factor, lagging and leading current. 

104 . The resistance of an air-core inductance is measured with direct current 
and is found to be 3.50 ohms. When 220 volts, 60 cycles, is applied, the current Is 
4.24 amp and the power is 66.2 watts. With an iron con', the current is 0.52 amp, 
and the power is 1.33 watts. Determine (a) effective re.sistance with air core; (b) 
ratio of effective to ohmic resistance in (u); (c) effective resistance with iron core; 

(d) ratio of effective to ohmic resistance in (c). 

106 . The resistance of an alternator armature is measured with direct current. 
With 14 volts, the current is 62 amj). With 48 amp alternating current the power 
is found to be 756 watts. Determine (a) effective resistance of armature; (b) 
ratio of effective to ohmic resistance. 

106 . A non inductive resistor and an impedance coil are connected in series 
across 120-volt 60-cycle mains. The circuit takes 3.85 amp. A voltmeter con¬ 
nected across the resistor reads 84 volts; connected across the impedance, it reads 
62 volts. Determine (a) impedance of coil; (b) circuit power factor; (c) reactance 
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and inductance of coil; (d) power-factor angle of coil; (c) effective resistance of 
coil; (/) power to entire circuit, (q) Draw vector diagram. 

107 . In order to makc^ mcasuroinents on a small relay coil, it is connected in 
series with a resistor across a 240-volt 150-cyclc circuit. The voltages across the 
resistor and the coil arc measured and found to be 180 and 120 volts. The current 
is 0.4 amp. Determine (a) impedance of relay; (h) circuit power factor; (c) 
reactance and inductance of relay; (d) power-factor angle of relay; (e) effective* 
resistance of relay; (/) power to entire circuit; (^ 7 ) power to resistor and to relay. 
(h) Draw vector diagram. 

108 . A series circuit consisting of a resistor unit and an impedance* coil takes 
3.0 amp at 0.742 powe^r facte)r from a 440-volt OO-cycle supply. The voltage across 
the impeelaiice coil is 330 volts. Determine (a) ohms e)f re‘sistor unit; (b) imped¬ 
ance of coil; (c) inductane'c of ce)il; (d) effective resistance e)f e*oil; (e) power factor of 
coil. 

109 . A serie*s circuit consisting of a ie*.sistor, an impcelance eie)il, anei a cajmeitor 
of negligible lo.ss is connected across 200 -ve)lt h 0 -cye‘le mains, anel the current is 
4.0 amp. The voltage across the resistor is nie*a.suroel anel fe)und te) be* 170 volts; 
that across the capacitor, 100 volts; that acre)ss the imi)e*dance coil, 150 ve)lts. 
De*tcrmine (a) pe)wer-facte)r angle anel pe>wer fai‘tor of entire cire*uit; (b) power 
fae*tor of impenlance coil; (c) effee*tive re*.sistane*e of impe*dance e*e)il; (d) inductance 
of impeelaiice coil. 

110 . In a series circuit similar to that of Prob. 109, the voltages across the 
resistor, impe*dane*e e*oil, and capacitor are 90, 100, anel 140 volts. The line 
voltage is 120 volts, 00 cvch*.s, anel the* ciirre‘nt is 2.5 amp. I)e*termine* (a) e*ire*uit 
power-factor angle anel power factor; (b) circuit peiwer; (r) jxme'r factor anel j)ow(*r- 
factor angle of impedance coil; (d) resi.stane’c and inductance of inipe*dane*e coil; (e) 
power to inipe*dance ce>il. 

111 . A .serie's alternating-rurre*nt e*ircuit, e*onsi.sting of a re'siste^r, an impeelaiice 
coil, and a capacitor eif m*gligible lo.ss, takes 530 watts at 120 volts, 00 cycle*s, anel 
5.0 amp lagging current. The voltage acreiss the resisteir is 80 veilts, and that 
acros.s the ceipacitor is SO volts. Determine (a) power in re*sistor; (b) pow’cr 
in impedance* e*oil; (c) Aoltage acrei.ss impeelane*e coil; (d) power-factor angle of 
impeelaiice* coil; (e) capae*itance in inicrofaraels of capae'iteir; (/) inductaiie*e eif 
impedance* coil. 

112 . A series circuit consisting of a 30-e)hm re'sistor, an impedance coil, and an 
unknow'ii capacitor (loss negligible) is e*e)nn(*e*t(*el acreiss 220-volt 00-cycle* mains. 
With 0.0 amp le*ading current, the voltage* across the inipe*elance coil is 120 volts, 
and its power facteir is 0.180. De*termine (a) re*sultant eif voltage*s ae*ross re*si.ste)r 
and impedance coil; (b) voltage* acro.ss capaedtor; (r) circuit peiwer and pe)W'(*r-fae*te)r 
angle. (A vecteir diagram a.ssists in the* .solution.) 

113 . A series circuit con.si.sting of a re*.sistor, an impe*elance coil, anel a capae*itor 
(loss not negligible). Fig. 113A, is cemnected acro.ss 2(K)-ve)lt 00-cycle* mains. 
An ammeter A indicat(*s 2.5 amp. A voltmeter acro.ss the re'sistor reads 140 volts; 
across the impeelaiice coil reaeis 100 volts; across beith the resistance anei impe*danco 
coil reads 194 vedts; acro.ss the capacitor r(*ads 180 vedts. Draw vector diagram to 
scale. Determine («) power-factor angle anel power fae*tor eif impedance e*oil; 
( 6 ) power-factor angle and power factor of entire circuit; (c) power-fae*tor angle and 
power fae*tor of capacitor; (d) resistance of iinpe'dance e*oil; (c) inductance of 
impeelance coil. 

114 . A neminductive resistor and an impedance coil are connected in parallel 
across 208-volt OO-cycle mains. The resistor takes a current of 2.25 amp; the 
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impedance coil takes a current of 1.5 amp; the total current is found to be 3.1 amp. 
Determine (a) power-factor angle and power factor of circuit; (6) power to circuit; 
(c) power-factor angle and power factor of impedance coil; {d) effective resistance 
of impedance coil; (e) inductance of impedance coil. 

115 . In order to measure the power taken by a small 120-voli 60-rycle single¬ 
phase induction motor, it is connected in parallel with a noninductive resistor 
across 120-volt 60-cycle mains. The currents measured are as follows: resistor 
current, 3.0 amp; motor current, 4.2 amp; total current, 6.7 amp. Determine (a) 
power factor of circuit; (6) power factor of motor; (c) power to motor; (d) total 
power to circuit. 
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116 . A noninductive resistor Ri and a capacitor C having negligible loss in series 
with a resistor /?2 are conn(‘cted in x>arallel across ll.Vvolt 50-cvcle mains. Fig. 
116A. The current to th(' resistor Ri is 1.50 amp; that to the capacitor C and 
resistor R^ is 2,00 amp; the total current is 3.041 amj). Determine {a) power-factor 
angle and power factor of circuit; {h) power to entire circuit; (c) power to resistor 
R 2 ; (d) impedance of circuit containing the capacitor and Ry, {(’) capacitance of 
capacitor. 

117 . A parallel cinuiit consisting of a resistor, an impedance coil, and a cai)acitor 
of negligible loss is connected across a 100-volt 25-cych‘ supply and takes a current 
of 3.1 amj). The current to the resistor is 2.5 amp, that to the capacitor 2.0 amp, 
and that to the imxM'dance coil 2.8 amp. Determine (a) power-factor angle and 
power of entire circuit; (b) ixnver factor and j)ower-factor angle of impedance coil: 
(c) resistance of impedance coil; (d) reactance and inductance of impedance coil. 

118 . In a 210-volt 60-cycle circuit similar to that of Prob. 117, the current to 
the resistor is 1.5 arnp; that to the capacitor is 2.0 amp; that to the impedance is 
1.1 amp; the total current is 2.3 amp. Determine (a) to (d), Prob. 117. 

119 . A parallel circuit consisting of a noninduct ive resistor, an impedance coil, 
and a capacitor of negligible loss is connected across 120-volt 60-cycle mains and 
takes 6.0 amp lagging current at a power factor of 0.936. The n'sistor takes 4.0 
amp, and the capacitor 3.0 amp. Determine {a) power to the impedance coil; (6) 
current to impedance coil; (c) power-factor angle and powxr factor of impedance 
coil. 

120 . A single-phase 60-cycle induction motor takes 12.3 amp at 220 volts at 
a power factor of 0.79. Determine (a) energy current; (5) quadrature current; (c) 
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power input; (d) vars; (e) capacitance of a capacitor in parallel to raise circuit 
power factor to unity. 

121 . A 200-kw single-phase inductive load is connected at the end of a feeder, 
which has a resistance of 0.75 ohm per conductor. The voltage at the load is 
2,300 volts, 60 cycles, and the power factor is 0.70. Determine (a) total current; 
(6) line loss; (r) efficiency of transmission; (d) energy current; (c) quadrature cur¬ 
rent; (/) line loss due to (d)^and to (e); {g) kilovars. The power remains constant. 

122 . The power factor of the load (Prob. 121) is raised to unity by connecting 
a capacitor in parallel. Determine (a) capacitance of capacitor; (6) kvar rating; 
(c) line loss and efficiency of transmission. 

123 . Two impedance coils are connected in parallel across a 100-volt 60-cycle 
supply. The current and power to the first are *5 amp and 100 watts and to the 
second 10 amp and 867 watts. Determine (a) energy and quadrature currents to 
each coil; (5) total energy and quadrature currents; (c) total, or circuit, current; (d) 
circuit power; (c) circuit power factor. 

124 . An impedance coil having 15 ohms effective resistance and 0.5 henry 
inductance is connected in parallel wuth a 7-/if capacitor across 110-volt 60-cycle 
mains. Determine (a) energy and quadrature currents to each circuit; (5) total 
energy and quadrature currents; (c) total current; (d) circuit power factor. 

125 . A single-phase induction motor takes 5,000 watts at 0.6 power factor lag¬ 
ging current, from a 200-volt 60-cycle supply. Determine («) kva; (5) kvars; (c) 
ratio of kvars to kva, or rend we fa dor. 

An incandescent lamp load, P F. = 1.0, is connected in parallel w ith the motor. 
Determine (d) total power in kilow'atts; (c) total kva; (/) total kilovars; (g) circuit 
power factor. 

126 . In Fig. 126A are shown three impedances Z\, Z^. Z^, connected in 
parallel across a 230-volt 00-cyclc supply. Determine (a) currents /i, /2, /a; (h) 
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power factor of each impedance; (c) energy current and quadrature current in (*ach 
impedance; (d) total energy and quadrature currents, (0 total pow'cr; (/) total 
vars; (g) circuit power factor. 

127 . A variable resistance R in series with a fixed capacitor having a reactance 
of 24 ohms is connected across a 120-volt, 50-cycle supply, (a) Determine value 
of resistance for maximum pow er, (b) Plot power as a function of R from R = 0, 
to 22 * 600 ohms, (c) Determine energy and quadrature currents when 7? = 0, 
13.85, 24, 41.6, oo ohms. In each case, plot energy current as abscissa and 
quadrature current as ordinate. The locus should be a semicircle with its diameter 
on the positive axis of ordinates. 

128 . An adjustable resistance is in series with an inductance of 0.25 henry 
across 120-volt 50-cycle mains. Determine (a) value of resistance for maximum 
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power; (6) value of capacitance (except oo) connected in series to give maximum 
power; (c) maximum power; (d) power factor. 

129 . A variable resistance is in series with an impedance coil having an induct¬ 
ance of 0.08 henry and an effective resistance of 5 ohms. If this circuit is connected 
across 120-volt 50-cycle mains, to what value must the variable resistance be 
adjusted in order that it may absorb the maximum power? 

130 . An impedance coil with an effective resistance of 40 ohms and an induct¬ 
ance of 0.06 henry is in series with a variable resistance /2, and the circuit is 
connected across a 50-volt 1,000-cycle supply. Determine (a) value of R for 
maximum power to R; (b) maximum power to R; (c) power to circuit; (d) power 
factor of circuit. 

131 . A resistance of 60 ohms and a capacitance of 25 jui in series arc connected 
in series with a variable resistance R across a 120-volt 60-cycle supply. Deter¬ 
mine (a) value of R for maximum power to R; (h) circuit power; (c) circuit power 
factor; (d) value of R for maximum circuit power; (c) circuit power factor in (d). 

132 . A nonsinusoidal emf wave is given bj" e = 170 sin 27r60/ — 35.4 sin 

(27rl80< — 20°) + 28.28 sin (27r300^ H- 10°). (a) Plot wave. Determine (5) max¬ 

imum emf from plot; (r) rms value of each frequency; (d) rms value of wave. 

133 . A nonsinusoidal current 

i = 21.2 sin 2x25^ + 11.31 sin (2ir7r^t -f 30°) + 7.07 sin (27rl25i + 60°) 

flows in a 12-ohm resistor, (a) Plot wav^. Determine (6) rms value of each 
component current; (r) power in resistor; (d) rms voltage across resistor. 

134 . A 100-volt battery is in series with a 60-cycle emf having a fundamental 
emf of 80 volts rms and a 30-volt rms third harmonic. Determine reading of rms 
voltmeter w’hcn connected across all three voltages in scries. 

QUESTIONS ON CHAPTER III 
Complex Quantities 

1 . What is the effect of operating on a vector w^ith the quantity —1? Show 
that + \/ —1 or -|-j operating on a vector must rotate it through 90°. Define 
the axis of reals; the axis of unaginarics. 

2 . TTow’ are the vectors in the complex plane designated? What is a real 
component? an imaginarij contpo7ieni? 

3 . How' are complex vectors added? .subtracted? 

4 . What is meant by rationalizing a complex fraction? 

6 . Show^ how' to obtain the reciprocal of a rectangular A^ector; how to divide 
one rectangular vector by another. 

6 . IIow' is an “exponentiaP^ vector derived, and how" is it expre.ssed? 

7 . l)c.scribe the polar notation of vectors. How are such vectors added and 
subtracted? 

8 . Show’ how to multiply polar vectors, to take reciprocals, and to divide. 

9 . ITow’ are polar vectors raised to powers? How’ are roots extracted? 

10 . What operator will rotate a polar vector through a positive angle a? a 
negative angle a? Hepeat for a rectangular vector. 

11 . With the current along the axis of reals, show’ how complex quantities 
can be applied to circuits with resistance and inductance in series; wdth resistance 
and capacitance in series. 

12 . Given the voltage and current of a circuit, each expressed in real and 
imaginary components, show how the power is determined; the phase angle 
between voltage and current. 
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13. Define the conjugate of a complex quantity and of a polar vector. Show 
how power and vars may be determined by the use of the conjugate of either 
voltage or current. 

14. In a circuit consisting of two impodancos in parallel, show how the current 
to each branch is determined, using complex quantities. Show how the total 
current, power, and power factor are determined. 

16. With two or more impedances in parallel, show, by means of the direct- 
current analogue, how the equivalent impedance is determined. Describe the 
method of finding the impedance of a series-parallel circuit. 

16. Define admittance, conductance, susceptance, stating the unit in which 
each is expressed. Show the relation of admittance to impedance. 

17. Express resistance and reactance as functions of conductance and sus¬ 
ceptance. Compare the signs of reactance and susceptance when applied to 
inductive and capacitive circuits. 

18. Describe the method of solving the series-i)arallel circuit by the use of 
admittance. 


PROBLEMS ON CHAPTER III 
Complex Quantities 

Note.— The instructor may require many of the following problems to be 
solved by rectangular vectors and also by polar ve<*t()rs. 

136 . Show graphically in the complex plane the following rectangular vectors, 
including their real and imaginary components as well as their absolute* values: 

(a) 3+i4; (6) 17 -j5; (c) 5-^8; (d) -10+^25; (0 -11 - ;i5. (Rec¬ 
tangular-coordinate paper should be used.) 

136 . Express each vector, Prob. 135, as (a) expoiuaitial vector; {b) polar 
vector. 

137 . Change to rectangular form (a) Sc'®®*; (h) (c) 18\l2()°; {d) 15/150°. 

138 . Change to rectangular form (a) 24/30°; (b) 42\00°; (c) 32/135°; (d) 
20\150°. 

139 . Add and show graphically the following; determine and show ab.soluto 

values of resultants: (a) (11 -|-jl5) and (12—^4); (b) (—30H-j6) and 

(20 - j24). 

140 . Subtract (a) (—4 -f-jO) from (7 +jl 2 ); (b) (4 — j7) from (6 +^12); 
(c) (—4 — j 6 ) from (—8 — jlO); (d) (4 4-iG) from (8 — yiO). 

141 . Express as polar vectors (a) 12/60° + 10/40°; (b) 8\l20° + 6\l50°. 

142 . Express as polar vectors (a) 40\30° 4- 00 / 120 °; (b) 48\l50° + 36|90°. 

143 . Multiply, and show products graphically: (a) (3 + jG) and (8 4-^4); (b) 
(7 -J4) and (-2 -j3). 

144 . Determine products, and show graphically: (a) (8 -h yi 2 )( —3 — j 4 ); 

(b) (-3 -i4)(6 -j 6 ). 

146 . Determine value of each of the following, showing graphically each 
vector and its reciprocal: (a) 1/(6 +j4); (b) 1/(4 —j6); (c) l/(-2 — J5); (d) 
l/(-3 4 ->4). 

146 . Determine (a) (10 + j20)/(10 - j20); (b) (12 ^ jlH)/(4 - j6); (c) 
(10 -il5)/(-3 +j4); (d) (-8 - jl2)/(4 - j3), 

147 . Determine (a) (30 4-i40)/[(4 4-i3)(2 -^5)]; 

(b) [(6 4-i8)(10 -il2)]/l(2 -i3)(-3 - j4)]. 
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148. Determine (o) (&) 1/ — (d) 60 «~#«*/ 4 «-iwo*. 

149. Determine (a)^ 20 /^ • 12 \] 0 %- ( 5 ) 9 \l 0 -> • IsfOO”; (c) 5 \l 35 ° • 6|90°; 
(d) 8\20° • 10\120° ■ 5\3d°. 

160. Determine, expressing results as polar vectors; (a) (4 + j5)(12/20)°- 

( 6 ) (8 -il 2 )( 2 / 20 “). ’ 

161. Determine (a) 1/(80/135°); ( 6 ) 1/I(0.2'^)(0.l\20°)]; (c)l/(2.5\l20°). 

162. Transform to polar vectors, and find (a) 1/(4 + j4); ( 6 ) 1/(3 - 7 * 4 ); 

(c) l/(~5 -^ 2 ). _ 

163. Determine (a) 12/60°/4 /20° ; ( 6 ) 20/30°/4\60°; (c) 18\30°/3\fi0°; (d) 
10/45V[(5|90°)(4\3Q°)]; (c) 15\l2q^/[(20S;00^)(0.3^45")]. 

164. Transform to polar vectors, and find (a) (12 — yi2)/(3 + ^3); (6) 
(4 +i2)/(-2 +jS); (c) (-4 - jiS)/{~2 - j2). 

166. (a) Find the rectangular vector (5 j^)^; (b) convert (5 +^5) to a polar 

vector, square, and compare witli (a), (c) Repeat (a) and (b) with (17.32 -h j20y, 

166. Determine (a) (3 +^4)^; (b) (3 — (c) (3 — j4:)* by expanding as 

rectangular vectors; also, by first converting into polar vectors, ('ompare 
results. 

167. Determine (o) V 196[^; (5) "V^>12\l20°; (c) 343/135°; (d) 

256/160°. 

168. Determine (a) \/(-7 -y24); (5) \/u - i240; (c) -i^-46 + j9. 

In IVobs. 159 and 160, express answers in both j)olar and rectangular vectors. 
In each case determine the magnitude of the ve(‘tor result. 

169. Rotate the vector 4 -h j6.93 in a positive direction through an angle of 
-f30°, using the rectangular method [Kq. (82), p. 77]; through an angle of —120°. 

160. Rotate —24 — j43.9 in a negative direction through an angle of 31.3°. 

161. A 25-cyclc current 15 -f jO amp flow's in an impedance having resistance 
of 17.32 ohms and inductive reactance of 20.0 ohms. Determine voltage in com¬ 
plex, its magnitude, and phase angle. 

162. A 60-cycle current 2 -f jO amp flows in a circuit having a resistance of 
50 ohms and a capacitive reactance of —j60 ohms in series. Determine voltage in 
complex, its magnitude, and phase angle. 

163. A 60-cycle current 2.8 + jO amp flows in a series circuit having a resistance 
of 40 ohms, an inductance of 0.1 henry, and a capjicitance of 50 ^if. Determine 
(a) impedance of circuit in complex; ( 6 ) voltage ifi complex and its magnitude; 
(c) circuit phase angle; (d) powder factor. 

164. A voltage is given by 104 -|- ^60 volts, and the current by 52.0 — jS.O 
amp. Determine power by the method of components (Sec. 56, p. 81). 

166. A voltage is given by —231.8 -^62.11 volts, and the current by 
—7.727 -bj2.070 amp. Determine power by the method of components (Sec. 
56, p. 81). 

166. A voltage is given by +^240 volts, and the current by —7.07 -h i7.07 amp. 
Determine power by the method of components (Sec. 56, p. 81). 

167. Determine the watts and vars. Prob. 164, by the conjugate method 
(Sec. 57, p. 83). State whether vars are inductive or capacitive. 

168. Determine the watts and vars, Prob. 165, by the conjugate method 
(Sec. 57), stating whether the vars are inductive or capacitive. 
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169. Determine the watts and vars, Prob. 166, by the conjugate method 
(Sec. 57), stating whether the vars are inductive or capacitive. 

170. A 60-cycle emf is given by 91.92 -|-y77.14 volts and the current by 
5.638 — j2.052 amp. Determine by the conjugate method (Sec. 57) the watts 
and vars, stating whether the vars are inductive or capacitive. Express the 
voltage and current as polar vectors, and verify the watts and vars. 

171. A voltage of 120 volts, 60 cycles, is applied to a circuit with resistance of 
10 ohms and inductive reactance of 8 ohms. Taking the voltage along the axis of 
reals, determine (a) current in complex; (b) power; (c) phase angle. 

172. A 25-cycle current 4.33 + ^2.5 amp flows in an impedance 12.5 — j21.Q5 
ohms. Determine (a) voltage; (5) circuit phase angle; (c) power factor; (d) power 
by conjugate method. 

173. A 60-cycle current —10.61 -|-jl0.61 amp flows in an impedance 

7.07 -h/7.07 ohms. Determine (a) voltage in complex; (6) circuit phase angle; 
(c) power (Sec. 56 or 57). (d) Draw vector diagram. 

174. A 60-cyclc emf is given by 120/40° volts, and the current is 6.0\20° 
amp. Determine (a) impedance in polar coordinates: (6) resistance; (c) reactance 
(stating whether inductive or capacitive): (d) power. 

176. A voltage is given by 144.9 -h J38.8 volts and the current by 10.39 — j6.0 
amp. Determine (a) complex expression lor impedance*, stating whether inductive 
or capacitive; (b) power; (c) phase angle between voltage and current, (d) Draw 
vector diagram. 

176. An emf of 120 volts, 60 cycles, is impressed on a circuit in which a resist¬ 
ance of 15 ohms, a capacitance of 50 fxf^ and an inductance of O.l henry are in series. 
If the voltage is given by 120 -j-iO volts, determine {a) current in complex; (5) 
magnitude of current; (c) power; (d) phase angle, (c) Draw vector diagram. 

177. An emf of 240/30° volts is impressed on a circuit consisting of 12 ohms 

resistance, and impedances 40/30° and 60\60° ohms, all in series. Determine (a) 
current in rectangular and polar vectors; (b) voltage across resistance and each 
impedance, in complex; (c) power in resistance and each iinpi'dance. (d) Draw 
vector diagram. 

178. An impedance coil having a resistance of 12 ohms and an imluctancc of 
0.07 henry is connected in parallel with a lOO-^f capacitor across 100-volt 60-cycle 
mains. Fig. 178A. With voltage vector along axis of reals, determine in complex 
(a) current in impedance coil; (5) current in capacitor; (c) total current /; (d) 
equivalent impedance of circuit; (c) circuit power factor; (/) circuit power. 

179. A resistance of 15 ohinjl in series with an imluctive r(*actance of -fjlS ohms 
is connected in parallel with a resistance of 20 ohms in series with a capacitive 
reactance of —j25 ohms. Fig. 179A, An emf of 120 volts, 60 cycles, whose* vector 
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may be taken along the axis of reals, is applied to the circuit. Determine (a) 
current Ii\ (b) current 1 2 ; (c) total current I; (d) eqnivalent impedance of entire 
circuit; (e) power to each impedance; (/) total power; (g) power factor of entire 
circuit, (h) Draw vector diagram. 

180. A telephone induction coil with an impedance of 40 -f ^96.0 ohms at a 
frequency of 1,000 cycles per sec is connected in parallel with a 2.00-Mf capacitor. 
A current of 12.0 ma flows in the induction coil. With the current vector along 
axis of reals, determine (a) circuit voltage; (b) current in capacitor; (c) total 
current; (d) equivalent impedance; (e) total power; (/) power factor of entire 
circuit. 

181. A resistance of 50 ohms, an impedance coil of 40 -h j60 ohms, and a 
resistance of 30 ohms in series with a reactance of —j70 ohms are connected in 
parallel across 240 volts, 50 cycles. Determine (a) current to each branch of 
parallel circuit; (b) total current; (c) equivalent impedance; (d) power factor; (e) 
total power. 

182. Impedances 8 +^12 ohms and 10 — jl6 ohms are in parallel across a 100- 
volt 60-cycle supply. With the direction of the voltage along the axis of reals, 
determine (a) equivalent impedance by the method of Sec. 59, p. 85; (b) total cur¬ 
rent in complex and its absolute value; (c) power; (d) power factor. 

183. Solve Prob. 182 with the voltage vector making a positive angle of 30° with 
the axis of reals. (E = 86.6 + j50 volts.) 

184. Determine (a) impedance of circuit, Prob. 180, by method of Sec. 59, 
p. 85; (b) total current if impressed emf is 50 volts, 1,000 cycles; (c) power; 
(d) phase angle. 

185. In Fig. 185A is shown a parallel circuit, one branch of which consists of 
a 200-ohm resistor and an inductor of 0.16 henry in series; the other branch con¬ 
sists of a 200-ohm resistor and a 4-fjif capacitor in series. C^ompute impedance of 
entire circuit at frequencies of 0 (d-c), 60, 100, 1,000, 20,000 cycles per sec and at 
infinite frequency. 

Note.— In this type of parallel circuit, if R = R — the circuit behaves 

like a pure resistance at all frequencies and also under transient conditions. 

186. In a circuit similar to that of Fig. 185A, R = 400 ohms and C = 2 /xf- 
Determine value of L to make circuit behave as a pure resistance under transient 
conditions and at all freciuencies. Compute circuit resistance R at 0, 100, 1,000, 
and 00 cycles. 



187. A series-parallel circuit, Fig. 187A, consists of two impedances, B « 
6.5 -f /7.6 ohms and C =* 6.9 — i9.8 ohms in parallel with each other and in series 
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with the impedance A = 6 + j4 ohms. The entire circuit is connected across 
120-volt 60-cycle mains. Determine (a) equivalent impedance of parallel circuit 
6c; (6) impedance of entire circuit; (c) total current /; (d) voltages between ab and 
6c; (e) current in branches B and C; (/) power in impedances A, Bj C; (g) total 
power; (h) power factor of entire circuit, (i) Draw vector diagram. 

188 . Repeat Prob. 187 with impedances A = 8 — jl2 ohms; R = 24 ^36 

ohms; T = 40 — j60 ohms. 

189 . A telephone induction coil having an impedance 35 +i900 ohms at 
1,000 cycles is connected in parallel with a l-/if capacitor. Determine (a) imped¬ 
ance of circuit; (6) voltage across the circuit if total current is 5 ma; (c) power to 
circuit. 

190 . Figure 190A shows one station and its line of an intercommunicating 
telephone system. The line has a resistance of 20 ohms. At the subscriber's 



sl50f2 
L= 0.030 h. 


station, a transmitter having 50 ohms resistance and a receiver in series with a l-/if 
capacitor are connected directly across the line. The resistance and inductance 
of the receiver at 1,000 cycles are 150 ohms and 0.030 henry. Determine at 
1,000 cycles (a) impedance of circuit measured between terminals ab; (b) current 
in line when 20 volts at 1,000 cycles is impressed across terminals ab; (c) power to 

transmitter; (d) power to receiver. 

191. Determine (a) impedance Z at 
796 cycles of network shown in Fig. 191 A. 
(6) current entering network at ab with a 
current of 15 ma in the 100-ohm resist¬ 
ance. 

192. In Prob. 179, Fig. 179A, deter¬ 
mine (a) admittance of circuit (1); (6) 

admittance of circuit (2); (c) total circuit admittance; (d) currents /i, Izy 1; (e) 
circuit power factor; (/) total power. 

193. A resistance of 100 ohms in scries with a 20-Mf capacitor is connected in 
parallel with a 0.3-henry inductor of negligible resistance. The applied voltage 
is 120 volts, 60 cycles. Determine {a) admittance of each branch; (6) total 
circuit admittance; (c) total current; (d) current to each branch; (c) circuit imped¬ 
ance in complex; (/) power factor; (g) power. 

194. In l^ob. 1S7, Fig. 187(A), determine (a) admittance of circuit B; (6) 
admittance of circuit C; (c) admittance l)ctween be; (d) impedance between be; 
(e) impedance of entire circuit; (/) total circuit admittance; (g) total current /; 
(h) voltages between ab and be; (i) current in B and in C; (j) power in A, R, ( 7 ; (k) 
total power; (1) power factor of entire circuit. 

195. In the series-parallel circuit, Fig. 195A, determine (a) admittance of 
circuits (1), (2), (3), 4); (6) admittance between a6and be; (c) impedance between 
a6 and 6c; (d) total circuit impedance; (e) total circuit admittance; (/) current /; 
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g) total power; (h) power factor; (i) voltages Eai and Etc) O’) currents /i, /a, /s, / 4 ; 
k) power in circuits (1), (2), (3), (4). 

QUESTIONS ON CHAPTER IV 
Alternating-current Instruments and Measurements 

1 . Describe the electrodyiiamometer principle, giving the reason why the 
deflections are proportional to the currents in the fixed and movable coils as well 
as to the sine of the angle between the two coil axes. 

2. Explain how the electrodynamometer principle is applied to a voltmeter. 
What is the general character of the scale divisions? Compare the magnitude 
of its current with that taken by a d-c instrument of the same range. Discuss 
the use of such an instrument with direct current. 

3. Describe the inclmed-coil voltmeter, giving the principle on which it 
operates. 

4. What difficulty arises when attempt is made to apply the dynamometer 
principle to the alternating-current ammeter? 

5. De.scribe the construction of the wattmeter and the principle of its opera¬ 
tion. Show how it is (‘onnected in a circuit. Give the best method of connecting 
the potential circuit, €*specially ^\hen the instrument is used in connection with 
considerable voltage. 

6. Show two possible methods of connecting a wattmeter in circuit. Discuss 
the corrections that should be made in each case, if the exact value of the power 
be desired. What is meant by a “compensated wattmeter^’? 

7. What precautions should be taken against overloading a wattmeter? 
How are wattmeters rated, and why? 

8 . State the advantages of a polyphase wattmeter over single-phase instru¬ 
ments. How is the polj^phase wattmeter constructed? 

2. How are wattmeters calibrated? Draw a diagram of connections. 

10. Di'seribe how the We.ston iron-vane type of voltmeter utilizes the principle 
of magnetized iron. I^pon what fundamental electrical principle does this instru¬ 
ment operate? How is the instrument damped? 

11. Show how the iron-vane principle has been adapted to an inclined-coil 
instrument. What two methods are used to damp this instrument? 

12. What change should be made in the construction of the above two types 
of iron-vane voltmeter in order that they may be used as ammeters? What are 
the limitations of iron-vane instruments for d-c measurements? 
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18. On what principle do thermocouple instruments operate? What means are 
adopted to eliminate any error that changes in “cold-end” temperature might 
produce? How is an essentially uniform scale obtained? Draw the connections. 

14. On what principle does the rectifier-type instrument operate? Draw a 
diagram of the “bridge” circuit, explaining its operation. Why may wave form 
introduce considerable error? Why do such instruments have wide application? 

16. Discuss the use of d-c watt-hour meters with alternating-current circuits. 

16. Describe the construction of the induction watt-hour meter. What should 
be the phase relation between the potential coil flux and the circuit voltage? How 
is this phase relation obtained? 

17. How is friction compensation effected? Discuss this principle very 
carefully. 

Show by simple sketches how the driving torque is developed. Why does the 
disk tend to rotate in the direction of the gliding field? 

18. How is the induction watt-hour meter calibrated? What adjustments, 
not used for the d-c type, are necessary? What are the advantages of this type 
of meter over the d-c type? 

19. Describe one common type of frequency meter. On what principle does 
it operate? WTiy are the vibrating reeds kept polarized? 

20. Describe the Turna phascmieter. How is this instrument adapted for 
power-factor measurements? What control is exert(‘d on the moving system? 
Why are the coils of the moving system not exactly 90° apart ? What modifications 
of the instrument are necessary m order that it may be used on 3-phase circuits? 

21. For what purposes are aynchroscojies used? Describe the construction of 
one type. In w'hat w'ay is it related to the phasemeter? 

22. What are the commercial uses of the oscillograph? What is its principle 
of operation? In what way does the moving el(‘m(‘iit differ from that of the 
ordinary galvanometer? How are the time abscissas obtained? Why is it 
desirable to immerse the moving element in oil? 

23. Sketch the general arrangements of the laboratory type, giving the rc‘lative 
positions of the lamp, prisms, vibrators, lenses, rotating mirrors, film drum, etc. 

24. Make a diagram of connections showing how the voltage vibrator and 
the current vibrator are connected in circuit. 

26. On w'hat principle does the cathode-ray oscilloscope operate? State the 
functions and describe the operations of the cathode, electron gun, intensity- 
control, accelerating and focusing electrodes, horizontal and vertical deflecting 
plates, fluorescent screen, voltage divider. 

26. How may the cathode-ray oscillograph be made to measure current? 
What is meant by a Lissajous figure? (Vinpare the fields to which the cathode- 
ray oscilloscope is best adapted wdth the fields to which the magnetic oscillograph 
is adapted. 

27. Describe the impedance bridge, giving the equations for determining the 
unknown impedances. 

QUESTIONS ON CHAPTER V 
Pol 3 rphase Systems 

1. Give four reasons why polyphase power supply is superior to single-phase 
supply. 

2. Why is it desirable at times to use double-subscript notation in the solution 
of problems? Why is this system particularly applicable to polyphase systems? 
State briefly the principles on which the system is based. 
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3. State the subscript relations as applied to voltages between two points in a 
circuit. Repeat for currents meeting at a junction. 

4. Describe an elementary 3-phase generator. What relations exist among 
the three voltages of such a generator? How may three independent single¬ 
phase systems be obtained from such a generator? 

6. What is meant by Y-conneetton? How many wires are necessary? When 
arc 4 wires used? What is the numerical relation and what is the phase relation 
of the line voltage to the coil voltage in this system? the line current to the coil 
current? What relation exists among the three coil currents if there is no neutral 
wire? 

6. At unity power factor, what is the total power generated in a Y-connected 
generator in terms of coil volts and coil current? if the power factor is other than 
unity? What is the line power in terms of line current, line voltage, and power 
factor? 

7. Why is the line power factor the cosine of the coil power-factor angle? 
What significance has power factor in an unbalanced system? 

8 . Show that the delta connection is not a short circuit for the three coil 
voltages. What is the numerical relation and the phase relation which exists 
between the coil current and tlie line current? 

9. To what is the total power produced by a delta connection equal in terms 
of coil voltage, coil current, and coil power factor? in terms of line voltage, line 
current, and coil power factor? 

10. Sketch the connections of the three-wattmeter method of measuring 
power in a 3-phase syst(*m (a) when the neutral of the system is accessible; (b) 
when the neutral is not accessible. To vhat is the total power equal in terms of 
the wattmeter readings? 

11. Illustrate the principle of the V-box, and state the conditions under 
which it can bo used. 

12. Make a diagram of connections for the two-wattmeter method of measuring 
power in a 3-phase system. Tsing instantaneous values, prove the method for 
both a Y- and a delta-connected load. 

13. Under what conditions do the wattmeters read the same? different? 
When does one wattmeter read zero? Under uhat conditions does one wattmeter 
reverse? Clive two methods of obtaining power factor from the two wattmeter 
readings alone. Uiuh'r what '•onditions can the two-wattmeter method not be 
used to measuri* jiower in a 3-phase system? 

14. What ])hase ndations exist among the voltages of a 2-phase system? Show 
the connections of lour different types of 2-phase system. What relations exist 
among all v'oltagi's in each of these systems? 

15. Sketch the methods of connecting the coils of a 2-phase generator to give 
(ri) a 2-phase isolated system; (h) a 4-phase star system with 4 and 5 wires; (r) a 
2-phase 3-wire system; (d) a 4-phase mesh system. What relation exists between 
the coil voltage and the line voltage in each of these systems? between coil 
current and line current? 

16. Show the wattmeter connections that would be used to measure the power 
ill tlie foregoing systems under balanced load conditions and under general unbal¬ 
anced load conditions. 

17. Show how a Y-coniiected system of impedances may be converted into an 
equivalent delta system, and vice versa. Indicate the applications of these 
transformations to the solution of a-c networks. 
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PROBLEMS ON CHAPTER V 
Polyphase Systems 

196 . (o) In the network shown in Fig. 196A the voltages 

Fa* = 200 + yo volts; = 25 + ^60 volts; V eg = 100 - ^85 volts. 

Determine Vi, and Vgk. Draw vector diagram. (6) Currents in the network, Fig 
196A, are 1,^. = 4.5 +il.O amp; = 3.0 +y2.2 amp; Li = 10 + yi.O amp. 
Determine currents /i,., L/, Ih,. Include currents in vector diagram. 



197. Determine in Prob. 196 impedances Zd, Z/, Z„ Zgh, stating whether 
they are inductive or capacitive. Compare with phase relatioms on vei'tor diagram. 

198. The equations for the three coil cmfs of a 3-plmso alternator (sec p. 129) 
arc c„. = 170 sin 157t; c.i. = 170 sin (157( - 120°); c,„ = 170 sin (157< - 240°). 
Determine the instantaneous value of each of these three einfs for values of time 
t = '^ooi Hso, Sooi Ho sec. Show that their algebraic sum at each instant is 
zero. 

199. A 3-phaso Y-conncctcd 60-rycle alternator is rated at 1,800 kva, 2,300 
volts. Deterniine (a) current rating; per terminal; (b) rated coil current and coil 
voltage; (c) current and voltage rating if the alternator is connected in delta. 

200. A 100-hp 600-volt 60-cyclc 3-phase Y-connected induction motor ^\heIl 
operating at rated load takes 92.0 amp at 0.90 power factor. Deterniine (a) 
voltage rating per phase or coil; (6) power per phase; (c) voltage, current, power 
rating of motor if cxjnnccted in delta. 

201. In Prob. 200, determine the resistance and reactance of each of three 
equal impedances that, if connected in Y, will take* the same curnmt and pouer 
as the induction motor. 

202. Three equal inductive impedances connected in Y across a 240-volt 
3-phase 60-cycle system take 2,400 watts and 3,000 va. Determine (a) power 
factor; (b) current; (c) resistance and reactance of each impedance. 

203. Three capacitors, each 25Mf, used to improve power factor, are connected 
in Y across a 3-pha8e 4,000-volt 60-cycle system. Determine (a) kilovars that 
they take; (b) kilovars when the capacitors are connected in delta in the same 
system. 

204. A 200-hp 60-cycle 3-phase synchronous motor is operating overexcited on 
a 2,300-volt 60-cycle supply, so that it takes a leading current (see p. 390). The 
current is 36 amp, and the power is 100 kw. Determine (a) kva; (6) values of 
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resistance and capacitance in each of three impedances connected in Y that would 
replace the motor; (c) values of resistance and capacitance in impedances if con¬ 
nected in delta. 

206 . Each unit of a load connected in Y across a 230-volt 60-cycle 3-phase 
system consists of a resistor of 25 ohms and a capacitor of 40 /if in parallel, Fig. 



205i4. Determine (a) line current; (5) system kva; (c) system power; (d) system 
vars; (c) power factor. 

206. Three impedances, each con.sisting ot a resistor and a capacitor in series, 
are connected in delta across the 3-pha8e system ot Prob. 205. Determine the 
values of resistance and capacitance that will produce the same current, kva, 
kilowatts, vars, power factor as those of Prob. 

205. 

207 . The three emfs induced in the three 
coils of a 3-phase 150-kva OO-cycle alternator. 

Fig. 207A, are 

Eoa =* 240 -f-jO volts; Eoi, — —120 — 

^‘207.8 volts; Eoc == —120 + ^’207.8volts. 

Determine («) comph'x and absolute values of 
Eah, Ehc^ Eca if the coils are connected m Y w ith 
the ends o of th(» three phases connected to¬ 
gether; (b) eiiif Eoh across open ends ob when coils oa and ob are connected so that 
terminal a of coil oa connects to terminal o of coil ob; (c) emf Eoo across open ends 
00 when three coils are connected oa-oly-co; (d) Eco with coils coimected in delta, 
oa-ob~oc. (c) Draw' vector diagrams. 

208 . Repeat Prob. 207 with th(» coordinate axes so chosen that 

Eoa = 207.8 -f 7*120 volts; = —7*240 volts; Eor — —207.8 + 7*120 volts. 

Through what angle have the vectors of Prob. 207 been rotated? 

209 . Each of the three coils of Prob. 207 delivers its rated current at a power 
tactor of 0.80 lagging current. Determine (a) values of these three currents in 
complex, expressed as rectangular vectors; (6) kilow'att output per coil, (c) Show^ 
that, when the coils are connected in Y, the sum of the three currents is zero, (d) 
If the coils are connected in delta, as in (d), Prob. 207, determine the complex and 
absolute values of the three line currents. 

210 . Repeat Prob. 209 with the conditions as given in Prob. 208. 

211 . Three impedances each having a resistance of 8 ohms and an inductive 
icactance of 6 ohms are connected in Y to a 3-phase 4-wire 115-volt (between line 
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conductors and neutral) 60-cycle system. The three voltages to neutral and their 
phase sequence are F«c, Tbo, Vro- With the direction of Vao along the positive 
axis of reals, determine (a) three line currents in complex and in magnitude; (b) 
current in neutral conductor; (c) total power; (d) power factof. (e) Draw vector 
diagram. 

212. Three impedances £’ 2 , Zz are connected from the phase wires a, 6, c 
to the neutral wire o of a 230-volt (between phase wires) 3-phase 60-cycle system 
the voltages of which are balanced between phase wires and between phase wires 
and neutral, Fig. 212A. The values of the impedances are Ziy 12 ohms resistance; 



Fig. 212.4. 


Z 2 , 10 ohms resistance, 6 ohms inductive reactance; Zz, 3 ohms resistance, 12 
ohms inductive reactance. 'J'hree wattmeters IFi, IF 2 , H's are (*onne<‘t€»d witli 
their current coils m the phase wires a, />, c and their potential circuits connected 
each between its respective phase wire and the neutral o. With 

Vao = 132.8 -hiO volts, 

determine (a) current in each phase \Mre /«'«, Ti,% /cv; (b) current in neutral loo*; 
(c) power to each impedance; (d) reading of each wattmeter; (f) total power. 

213. The etficiency of a 2,300-volt, 500-hp 3-phase 00-cycle 8-pole induction 
motor at rated load is 0.94, and the power factor is 0.90, the current lagging. The 
motor is delta-connected. At rated load, determine (a) kilowatt input; (b) kva 
input; (c) line current; (d) coil current. A 300-hp 3-phase synchronous motor is 
connected in parallel with the induction motor and takes 270 kva at 0.8 power 
factor leading current. Determine (e) total kva; (/) total current; (g) power 
factor. 

214. The two-wattmeter method is used to test a 20-hp 220-volt 1,750-rpm 
60-cycle 3-phase induction motor. When the thiee line voltages are 220 volts, one 
wattmeter reads -1-11,400 watts and the other -h5,400 watts. Determine (a) 
power factor; (6) line current; (c) kva. Use Kq. (130) (p. 144), and check with 
Fig. 127 (p. 145). 

216. When the load on the motor of Prob. 214 is light, the first wattmeter reads 
-|-3,000 watts and the second reads —300 watts. Determine (a) power factor; (b) 
line current; (c) kva. 

216. The input to a 600-volt 300-hp synchronous motor is measured by the 
two-wattmeter method. One wattmeter reads -+-125 kw and the other -f-15.0 kw, 
when the motor takes a leading current. Determine (a) power factor; (b) current; 
(c) kva; (d) output if efficiency at this load is 0.92 exclusive of d-c field loss. 

217. In Prob. 216, determine (a) power factor, lead or lag; (6) current; (c) 
kva when the two wattmeters read -f83 and —15 kw; 4-86.0 and 4-34.0 kw; 
—52.0 and 4-98 kw. 
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218. Figure 218A shows a 240-volt balanced 3-phase 60-cycle system supply¬ 
ing power at 0.8 power factor to a balanced 3-phase inductive load through con¬ 
ductors a'a, 6'6, c'c. The line voltages in their sequence are 

Vab — Vbe — Vea = 240 volts (numerically). 

Each of the three line currents la'm lb%, Ic'c is numerically equal to 25 amp. 
Two wattmeters and W 2 are connected each with its current coil in conductor 



Fig. 218^. 


a'a. The potential circuit of Wi is connected between conductors ah, and the 
potential circuit of ir 2 is connected between conductors be, 

(a) Draw a vector diagram that shows the volts and amperes to each watt¬ 
meter. Deterrnim* (b) reading of each wattmeter; (c) power taken by load, and 
compare with (b). (d) Repeat (a), (6), (c), with unity-power-factor load, currents, 

and voltages remaining unchanged, (c) Showr that with the balanced conditions 
the reading of ir 2 is proportional to the vars of the system. 

219. Each ol the two coils of a 1,000-kva 60-cycle 2-phase alternator generates 
2,300 volts, and these emfs differ in phase by 90°. If the two coils are connected 
together at their center points and the connection brought out with those of the 
four coil terminals, indicate on a diagram all the emfs that can be obtained. 
Determine rated current per terminal. 

220. The two coils of Prob. 219 are connected together at one end, and the 
alternator is delivering rated current at rated voltage. Determine (a) voltage 
across free ends of the two coils; (6) current in each of three conductors from 
machine. 

221. A 2-phase star-connected alternator rated at 2,500 kva, 2,300 volts, 60 
cycles, has four coils, each pair of coils being connected in series and the emfs of 
each pair of coils being in phase with each other. This alternator supplies a 
balanced 4-plias(‘ 5-wire star system. Determine (a) current rating per terminal; 
(b) all possible voltages obtainable, (c) Show how minimum number of watt¬ 
meters must bo connected in order R> measure output under all conditions of load. 

222. The four coils of the alternator of Prob. 221 are connected to form a 
4-phasc mesh connection, Fig. 133 (p. 149). Determine (a) cmf between adjacent 
terminals; (5) emf betw^een diametrically opposite terminals; (c) rated current per 
tenninal. (d) Show ponnootions of minimum number of wattmeters to measure 
power under all conditions of load, (c) Show connection that will make all watt¬ 
meters (not minimum number as in (d)| read equal with balanced load. 

223. In a 4-pha8e 4-wire .50-cycle system, the voltage between adjacent con¬ 
ductors is 120 volts, giving 169.7 volts between diametriically opposite conductors. 
Four resistors of 2.5 ohms each are connected between adjacent conductors, Fig. 
223A Also, four similar wattmeters H', having jiotential circuits of equal resist¬ 
ance, are connected to measure the power, the potential circuits having a common 
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connection at O (see Fig. 122, p. 138). Determine (a) total power; (6) current in 
each conductor; (c) reading of each wattmeter; (d) kva of system. 



Fig. 223^. 


224. The following balanced loads are connected to a 230-volt 3-phase GO-cycle 
distributing system: (1) lamps (through two-to-one transformers; the power 
factor is essentially unity) taking 40 amp between ea(‘h pair of conductors, that is, 
the loads are delta-connected; (2) induction motor taking 7,000 watts at 0.85 power 
factor (current lags); (3) induction motor taking 4,000 watts at 0.75 power factor 
(current lags); (4) commutator-t 3 "pe motor taking 6,500 watts at 0.95 power factor, 
leading current. Determine (a) system kilowatts; (?>) system vars; (c) system kva; 
(d) current (see Sec. 99, p. 150). 

225. The following loads are connected to a 2,300-volt 3-phase 3-wire system: 
(1) lamp load (through transformers), power factor essentially unity, 12 kw; (2) 
induction motors (in large measure through transformers), 240 kw, power factor 
0.65 lag; (3) synchronous motor, 80 kw, power factor 0.45, lead. Determine (a) 
system kw; (6) system kvars; (c) system kva; (d) current. 

226. Three impedances Zi, Z 2 , Z 3 arc connected across the three conductors 
a'a, b'h, c'c of a 230-volt 60-cycle 3-phase system. Fig. 226A. The sequence of 



phase rotation is Vafj Vh^ Vca. If Vah is taken along the axis of reals, determine 
(a) current in each impedance; (6) curnmt in each of line conductors a'a, h'h, c'c; (c) 
readings of TFi, and TF 2 . (d) Check (c) by finding power in each impedance. 

227. Solve Prob. 226 with the phase sequence of voltages V ahf Traj n,. 

228. Three impedances Zi, Z 2 , Za are connected across the three conductors 

a'a, h'bj c'c of a 120-volt 60-cycle 3-pha8e system. Fig. 228A. The sequence of 
phase rotation is Fab, Vhc, Vca. If Vah is taken along the axis of reals, determine 
(a) current in each line conductor; (6) readings of TFi and W 2 , (c) Check (6) by 

finding power in each impedance. 
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229. Solve Prob. 228 with the phase sequence of voltages Fob, Fco, Vhe- 

230. Solve Prob. 228 with the impedance Z* changed to Za = 20 + jSO ohm*. 
281. In Fig. 231A are shown three impedances 

12 ~ jlO ohms, 10 + i20 ohms, 15 -f jO ohms, 

connected between coriduc.tors a, 6, c, and the neutral o v/f a balanced 230-volt 
60-cycle 3-phase 4-wire system. The phase sequence of voltages is Foo, F^o, F«o. 



Fig. 228vi. 



Fig. 231^. 


If Foo is taken along the axis of reals, determine (a) current in each impedance; (h) 
neutral current lo'o; (r) readings of wattmeters TFi, IF2, IFa; (d) power to each 
impedance determined by method given in Sec. 56 (p. 81) and by /2/2-loss, (e) 

Show that the sum of H’l, ]r2, TFa in (c) equals the sum in (d). (Compare this 
connection of wattmeters with that given in Fig. 122, p. 138, and in Fig. 212.4, 
p. 644. This illustrates that the power is correctly measured irrespective of the 
3 wires chosem for the wattmeter current coils.) 

232. Repeat Prob. 231, substituting, for the impedances oo, bo, co, 8 — jlO 
ohms, 15 + jS ohms, 20 — ^30 ohms, and using 600 volts, 60 cycles, between outer 
conductors. 

233. Ck)nvert the delta system, Fig. 2264, into an equivalent Y-system, com¬ 
puting the impedances Zaoi Zco, where o is the neutral connection of the new 
Y-system (see Sec. 101, p. 154). Using the values of /o'a, /f/b, /r'r determined in 
Prob. 226, compute the line voltages Fa/,, F<.f, Fra. 

234. In Fig. 2344 are shown the three imped?inccs of Fig. 231(a) connected in 
Y without a neutral conductor. The sequence of phase rotation is Fob, Fbc, Fra, 
and Fob may be taken along the axis of reals. Determine (a) equivalent delta 
system; (5) current in each delta impedance; (c) three line currents; (d) voltages 
F OO, Fbo, Fco^ (e) line voltages Fob, F^c, Fca from (d). 
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235 . In Fig. 235A is shown a 200-voH 25-oyclc 2-phaso 3-wiro system. An 
impedance 12 -f- jS ohms is connected across ao, and an impedance 10 ^0 ohms 

is connected across ho. If Vao is taken along the axis of reals and Vho i^Rging 90°, 
determine (a) absolute values of currents /o'o, h/i,', (b) readings of the two 
wattmeters IFi, W 2 ] (c) power to circuits ao and bo. With (c) check (6). 



236 . Repeat Prob. 235, using, for impedances betwet'U ao and bo, 8 — jl2 
ohms; 8 -f- ohms. 

237 . A 10-hp 240-volt (between diametrically opposite conductors) induction 
motor is taking 8.50 kw at 0.84 power factor and rated voltagt'. Determine, in 
complex, values of impedances that can replace motor when connected (a) 4-phase 
star; (b) 4-phase mesh. 


QUESTIONS ON CHAPTER VI 
The Alternator 

1 . Why can a rotating field and a stationary armature be used for alternators 
where they cannot be used conveniently for d-c machines? Give two reasons why 
it is advantageous for alternators to bt* of the rotating-li(‘ld type. 

2 . What two conditions must a coil of an alternator armature winding fulfill? 
What minor considerations govern its design? 

3 . Name the two general classes into which alternator windings may bo 
divided. 

4 . Compare the wave and the lap winding of alternators with the same types 
of winding in d-c machines. 

6. Illustrate by a simple sketch the difference between a half-coil and a 
whole-coil winding. What is the difference between a single- and a two-lay.er 
winding? What are the objections to using one slot per pole? 
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6 . State the advantages of the two-layer lap winding. Show that a 2-phase 
full-pitch lap winding is an extended application of the single-phase full-pitch lap 
winding. What relation exists between the two coil sides lying in any one slot? 

7. Show that a 3-phase full-pitch lap winding consists of three full-pitch 
single-phase windings propcirly placed. What arc the phase relations between 
consecutive coil-side belts? What relation exists between the two coil sides lying 
in any one slot? 

8 . Wliat is meant by a fractional-pitch winding? In what way do the top 
and bottom layers compare with those of a corresponding full-pitch winding? 
State three advantages of fractional-pitch windings. What is meant by pitch 
factor? Show that some slots contain coil sides of different phases. Why does 
a fractional-pitch winding improve wave form? 

9. In what way does the spiral winding differ from the lap and wave windings 
(barrel type) as regards mechanical disposition of the coils? 

10. Show how the conductors of a spiral winding may be reconnected to form 
an equivalent barrel-type winding. Why is an inner coil frequently omitted? 
Show how a 3-phase spiral winding is evolved from single-phase windings. What 
is meant by range? 

11. State the advantages of the chain winding and its present usage. 

12. Into wdiat three general classes, so far as design is concerned, are alter¬ 
nators divided? 

13. Describe the construction of the stator, or armature, of low’^-speed alter¬ 
nators and of high-speed turbine-driven alternators. 

14. What tw'o general types of slot are used for alternating-current machines? 
What are the advantages of each? 

15. Into what two classes is coil insulation divided? Why are the armature 
conductors in large alternators stranded? 

16. Why is it more difHcult to ventilate high-speed turbine-driven alternators 
than slow'-specd alternators? Why are totally enclosed systems used? State the 
advantages of hydrogen cooling. 

17. Describe the construction of salient poh's and methods of holding them 
to the field spider. Of w hat materials are spiders made? 

18. Why are salient field poles not used for turbine-driven alternators? 
Describe tlu* construction of the cylindrical rotor. Why must end flanges be 
used, and w hy should they preferably be of nonmagnetic material? 

19. At w'hat voltages is excitation ordinarily supplied? Name three sources 
of excitation power and state the precautionary measures that are taken in 
central stations to ensure continuity of excitation. 

20. Derive from a fundamental relation the equation for the induced einf 
in an alternator. Derive the equations for breadth factor and pitch factor, 

21. What relation exists between the flux distribution and the shape of the 
emf w^ave induced in the conductor? How^ may the shape of the actual emf wave 
of a generator be made nearly sinusoidal even though the emf w’ave induced in the 
individual conductors differs considerably from a sine wave? 

22. Sketch a pole winding of a distributed field winding, and derive the 
“stepped” nimf wave that it produces. Also sketch the flux-density curve, and 
cjompare it with the mmf w^ave. Explain why such machines usually have a 
better wave shape than machines of the salient-pole type. 

23. Discuss the procedure of phasing the coils of a 3-phase alternator so that 
they may be Y-connected; delta-connected. 
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24. Upon what factors does the rating of an alternator depend? Why is a 
kva rating more rational than a kilowatt rating? Upon which rating does the 
rating of the prime mover depend? 

PROBLEMS ON CHAPTER VI 
The Alternator 

238. Draw a single-phase full-pitch 4-pole single-layer lap winding in which 
there are four slots per pole, the winding and poles being shown in a plane as in Fig. 
143 (p. 160). The winding space, that is, the four slots, occupied only 60 per cent 
of the armature surface (see Fig. 142, p. 159). 

239. Repeat Prob. 238, employing a wave winding. Compare the induced emfs 
in the two windings if both have the same numb(‘r of series-connect(‘d conductors 
and other conditions such as frequency and fhi\ per pol(‘ are the same. 

240. Draw a 6-pole single-layer w inding, using half coils. '^I'liere are three slots 
per pole, which differ in position by 30 electrical space degrees [see* Fig. 143(r/), 

p. 160]. 

241. Using the same stator as in Prob. 240, design a two-layer whole-coil lap 
w'inding (see Fig. 144, p. 161). 

In the following problems, show the windings of the different phases wdth differ¬ 
ent colors. With polyphase windings it is necessary to show the connect ions of only 
one phase. 

242. Draw a 2-phase full-pitch two-layer lap winding for an alternator having 
six slots per pole per phase. Show" at least 4 poles (see Fig. 145, p 161). 

243. Draw a 2-phase full-pitch tw'o-layer lap winding for an alternator in which 
there are 10 slots per pole. Show at l<*ast 4 poles. 

244. Draw a 3-phase full-pitch two-layer lap winding for an alt(‘rnator having 

nine slots per pole. Show-at least 4 poles. Indicate clearly the-|-A-, -f/f-, 

— B-, 4-C-, -C-phase belts (see Fig. 146, p. 162). 

246. Draw" a 3-phase full-pitch tw"0-layer lap winding for an alternator in which 
there are six slots per pole per phase. Show at least 4 poles. Indicate clearly the 
-f-A-, -A-, d-U-, — U-phase belts. 

246. Draw a 2-phasc five-sixths-pitch two-layer lap winding for an altiTnator 
in which there are six slots per pole per phase (see Prob. 242). Determine the pitch 
factor kp. 

247. In a 6-pole 60-cycle alternator there are 60 slots. Draw’ a 2-phas(» frac¬ 
tional-pitch tw"o-laycr lap w'inding, the pitch being as large as possible W"ithout being 
full pitch (see Prob. 243). Determine the pitch factor kp. 

248. Draw a 3-phase severi-ninths-pitch tw'ci-layer lap winding for an alternator 
in which there are nine slots per pole. Indicate the -1-A-, -A-, -fB-, — B-, d-U-, 

— C-phase belts (see Prob. 244). Determine the pitch factor kp. 

249. In a 6-pole 60-cycle alternator there are 90 slots. Draw a 3-i)hase four- 
fifths-pitch two-layer lap winding, indicating the d-A-, —A-, d-B-, —B-j d-C-, 

— C-phase belts. Determine the pitch factor kp. 

260. Draw a single-phase single-range spiral winding for a 6-pole alternator in 
which there are eight slots per pole, the winding occupying but six of these slots. 
Draw the equivalent single-layer lap winding, and determine the breadth factor kb 
(see Fig. 150, p. 165). 

261. Draw a single-phase single-range spiral winding for an 8-pole alternator 
in which there arc six slots per pole, the winding occupying but four of these slots. 
Draw the equivalent single-layer lap winding, and determine the breadth factor h 
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252. Using all the slots in the alternator of Prob. 260 draw a 2-pha8e two-range 
chain winding. Determine the breadth factor kb. 

268. Draw a 3-phase two-range chain winding for a 6-pole alternator having 
nine slots per pole. Determine the breadth factor h,. 

264. Draw a 3-phase two-range chain winding for an 8-polo alternator having 
15 slots per pole. Determine the breadth factor h,. 

266. Determine the breadth factor (Prob. 238) for a single-pha.se full-pitch 
single-layer lap winding in which there arc four slots per pole, the slots and hence 
the winding occupying only 60 per cent of the armature surface. 

266. Determine the breadth factor (Prob. 243) for a 2-phase full-pitch two-layer 
lap winding for an alternator in which there are 10 slots per pole. 

267. Determine the breadth and pitch factors (Prob. 248) for a 3-phase seven- 
ninths-pitch two-layer lap winding for an alternator in which there are nine slots 
per pole. 

268. A 4-pole 60-cycle single-phase alternator has a concentrated single-phase 
full-coil lap winding similar to that shown in Fig. 143 (p. 160). There are 16 con¬ 
ductors per slot and 3,000,000 maxwells (0.03 weber) per pole. Assuming that the 
flux distribution under the poles is practically sinusoidal, determine the induced 
emf. 

269. In a 6-pole 25-cycle single-phase alternator there is one slot per pole and 
48 conductors per slot. The winding is half-coil, similar to that shown in Fig. 
143(a) (p. 160). Assuming the flux distribution sinusoidal, determine the induced 
emf when the flux is 3,750,000 maxwells (0.0375 weber) per pole. 

260. An 8-pole 50-cycle alternator with tw’o slots per pole has a full-coil full- 
pitch lap winding such as is shown in Fig. 144 (p. 161). The pole pitch is 45 cm, 
and the slot pitch is 7.5 cm, so that the phase angle betw(*en cmfs in adjacent slots 
is 30®. There are eight conductors in each coil side. When the flux per pole is 
1.6 • 10^ maxwells (0.16 weber), determine the induced emf. 

261. A single-phase 4-pole 1,800-rpm alternator has six slots per pole. Only 
half of these slots are occupied by the winding, so that the breadth factor 0.910 is 
the same as that of a 2-phase winding having three slots per pole per phase. There 
are eight conductors in each coil side, and the winding is full-pitch two-layer lap. 
There are 4,800,000 maxwells (0.048 weber) per pole, and the flux may be assumed 
to be distributed sinusoidally. Determine (a) induced emf. If the winding were 
five-sixths pitch, determine (5) pitch factor; (c) induced emf. 

262. A 64-pole 50-cyclc 3-phaae Y-connected alternator has nine slots per pole 
and a full-pitch two-layer lap winding in which there are four conductors per slot. 
There are 4,800,000 maxw'olls (0.048 w^eber) per pole distributed sinusoidally along 
the air gap. Determine (n) conductors per phase; (h) belt factor; (c) induced ter¬ 
minal emf; (d) rpm. (c) Sketch winding. 

263. The winding of each phase of a 2-pole 3-phase 60-cycle alternator consists 
of three full-pitch eight-turn coils, which are in adjacent slots 20 electrical degrees 
apart. The air-gap flux is 4 • 10® maxwells (0.04 weber) per pole and is sinusoidally 
distributed. Determine (a) emf induced in each coil; (5) induced emf per phase if 
three coils are connected in series; (r) emf per phase if all three coils had been in 
same pair of slots. 

264. The data for a 400-kva 6,900-volt (diametrical) 25-cycle star-connected 
4-phase alternator are as follows: poles, six; total slots, 54; conductors per slot, 12; 
winding, two-layer, lap, eight-ninths pitch; flux per pole, 4.0 • 10^ maxwells (0.4 
weber). Determine (a) belt factor; (b) pitch factor; (c) conductors per phase; (d) 
induced terminal emf (diametrical). 
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266. The data for a 5,000-kva 13,800-volt 4-pole 60-cycle 3-phase Y-conneoted 
turbine-driven alternator are as follows: rotor diameter, 42 in.; net length of 
armature iron, 36 in.; slots, 60; conductors per slot, 20; winding, two-layer lap, 
four-fifths pitch, connected with two parallel paths; maximum value of sinusoidally 
distributed flux density, 46,000 maxwells per sq in. (0.713 w(‘ber per sq m.). Deter¬ 
mine (a) belt factor; (6) pitch factor; (c) average flux density; (d) pole pitch; (c) 
maxwells per pole; (/) induced terminal emf. 

266. In Prob. 265, with two-thirds pitch, determine (a) pitch factor; (5) induced 
terminal emf. 

267. The following data are given for a 12-kva 240-volt 3-phase 60-cyele alter¬ 
nator: six poles; 72 slots; two coil sides per slot; seven turns per coil; two-layer lap 
winding, Y-connected, two parallel circuits per phase; coil lies in slots 1 and 11; 
inside diameter of armature, 10 in.; axial length of armature iron, 5 in. The flux 
density along the air gap is a sine curve. The field current is adjusted until the 
maximum flux density in the air gap is 40,000 maxwells per sq in. (0.620 weber 
per sq m). Determine (a) breadth factor of winding; (h) pitch factor; (r) average 
flux density under a pole; (d) total flux per pole; (e) maximum emf induced in any 
single conductor; (/) induced emf at terminals. 

268. In Prob. 267, with the coil lying in slots 1 and 10, determine (n) pitch 
factor; (6) induced terminal emf. 

269. One of the 3-phase w^ater-wheel alternators at Grand (\)ulee Dam, state of 
Washington, is rated at 108,000 kva, P.F. = 1.0, 13.8 kv, V-connected, 60 cycles, 
120 rpm. Determine («) poles; (h) kilow^att rating; (c) current rating; (d) input at 
rated kilowatt load if efficiency is 0.97, excluding ti(4d loss; (() toripie in pound-feet 
applied to shaft. 

270. A 3-phase water-whe(*l alternator at Niagara, N. V., is rated at 65,000 kva, 
P.F. — 0.8; 12.0 kv, Y-connected, 25 cycles, 107 rprn Determine (a) poles; (h) 
kilowatt rating; (c) current rating; (d) input at rated kilow'att load at 0.8 power 
factor if efiiciency is 0.96, excluding field loss; (c) torque in pound-feet applied to 
shaft. 

271. A 3-phase turbine-driven alternator is rated at 160,000 kva, P.F. = 0.8, 
11.4 kv, Y-connected, 25 cycles, 1,500 rpm. Determine (a) poles, (h) kilowatt rat¬ 
ing; (c) current rating; (d) input at rated kilow’^att load at 0 8 power factor if effi¬ 
ciency is 0.974, excluding field loss; (c) torque in pound-feet applied to shaft. 

QUESTIONS ON CHAPTER VII 
Alternator Regulation and Operation 

1. Why is the knowdedge of the regulation much more important with alter¬ 
nators than with direct-current generators? What factor otlu'r than the magni¬ 
tude of the current determines the regulation of alternators? Why is it usually not 
practicable to determine the regulation of alternators by actual loading? 

2. Show by a simple sketch that the inductors of an alternator armature have 
leakage inductance. C^ompare the relative leakage inductances, other conditions 
being equal, of deep, narrow slots, shallow’^er, wider slots, and semiclosed slots. 

3 . What is the effect of the number of conductors per slot upon the armature 
leakage inductance? How does the leakage reactance of a 25-cycle armature com¬ 
pare with that of a 60-cycle armature, other conditions being equal? 

4. Give two reasons why the resistance of an alternator armature to alternating 
current is greater than its resistance to direct current. What is the order of magni¬ 
tude of this increased resistance ? How may this effective resistance be determined ? 
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6 . What is the effect of the current in an alternator coil on the main field (a) 
when the current is in phase with the no-load induced emf ? (h) when the armature 
current lags the no-load induced emf by 90®? (c) when the current leads the no- 
load induced emf by 90®? Draw vector diagram. Compare these effects with 
corresponding ones in d-c generators. Under what conditions does the armature 
mmf for a given armature current have its greatest effect on the main field of 
salient-pole alternators? 

6 . Show that in synchronous machines the armature reaction pulsates at 
double fn'qucncy but that its average effects are those given in Question 5. What 
are the effects of the mmf pulsations on the field structure? 

7 . Using a portion of a 3-phase winding, sketch the armature mmfs for two or 
three values of time, showing that these mmfs are essentially constant and rotate 
synchronously with the field. Kepreseiitiiig the mmf waves by vectors, show the 
relations among the impressed field, the armature mmf, and the resultant field. 

8 . Show by a vector diagram how the induced emf in an alternator armature 
may be calculated, if the terminal voltage, the armature resistance drop, and the 
armature leakage-reactance drop are known, (a) when the power factor of the load 
is unity; {h) when the current lags the terminal voltage by an angle d; (r) when the 
current leads the terminal voltage by an angle 6. (live the trigonometric solution 
of the diagram in each case. 

9 . Show how the induced emf may be calculated by means of ccimplex quanti¬ 
ties under the conditions of («), (b), (c) in (iuestion 8 . 

10 . Define regulation. Why is the iihIucihI emf in an alternator armature, when 
loaded, not equal to the no-load <*mf? Why is it usually desirable to calculate 
alternator regulation from open-circuit and short-circuit data rather than to obtain 
it directly by loading? 

11 . Show that when a coil has moved 90 electrical space degrees from the point 
where the flux linking it is a maxuinum, the induced emf becomes a maximum. 
Distinguish between a space diagram and a tune diagram. When can the two be 
combined? 

12 . From the space and tinu relations among mmfs, fluxes, and emfs in an 
alternator armature, construct the vector diagram giving the relations among 
01 , 0 , Fi, F, Ea, E, Ij and .1 (see Fig. 180, p. 207). 

13 . Devc‘lop each of the steps necessary to obtain regulation by the general 
method. 

14 . How is the armature leaction taken into consideration in the synchronous- 
impedance method of determining regulation? 

Show* that a fictitious voltage of the proper value leading the current by 90° 
and hence in phase w ith the voltage which balances the armature leakage-reactance 
drop can be substituted for the effect of armature reaction, and that the no-load 
emf, therefore, can be determined. 

16 . What armature constant may be increased to include this fictitious voltage, 
and w hat assumption is made in doing this? What is meant by synchronous reoud- 
ancef Describe carefully the method usually employed to determine these quanti¬ 
ties. What error occurs in the value of the synchronous reactance when it is 
determined under short-circuit conditions? How does this affect the regulation 
determined by using this value of synchronous reactance? 

16 . Why does the synchronous-impedance method of determining regulation 
give unsatisfactory results with single-phase machines? W'hy are results obtained 
with polyphase machines more in accord with the actual performance of the 
machine? 
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17 . Describe the open-circuit test, giving the connections used. Repeat for 
the short-circuit test, giving two methods of connecting the ammeters. Compare 
the ammeter readings in each case with the line current and the coil current of a 
delta-connected machine. 

18 . How is the regulation of a Y-connected alternator calculated? of a delta- 
connected alternator? How do the coil resistances and reactances compare in the 
two cases for the same machine? What care should be taken when either method 
is used? 

19 . In what fundamental way does the mmf method differ from the synchro¬ 
nous-impedance method? Show by a vector diagram the various voltages and the 
mmfs that are substituted for voltages in the mmf method. How is the resultant 
field obtained? the no-load emf ? 

20 . How do results obtained by the synchronous-impedance method compare 
with those obtained by the mmf method? Why do the two methods give different 
results? Show that by a rational interpretation of the results obtained by each 
method a fairly accurate knowledge of the true regulation is obtained. 

21 . What is one objective of the Potier method? What two curves are neces¬ 
sary to the method? From the diagram, show how, for any degree of saturation, 
the armature leakage reactance, the synchronous reactance, and armature reaction 
may be obtained. 

22 . In developing the ASA method for determining alternator regulation, draw 
on the saturation-curve diagram the vector diagram giving the ernf Ea obtained 
from the terninal voltage, armature resistance, and leakage reactance. Show the 
mmf, or field current, necessary to produce the terminal voltage V on the air-gap 
line. Draw the mmf vector diagram, showing how saturation is taken into 
consideration. 

23. From a conventional alternator vector diagram show how th(‘ mmf vector 
diagram in Question 22 is derived. 

24 . Although the Potier and ASA methods attempt to make correction for 
saturation of the magnetic circuit, with sahent-pole alternators what important 
source of error is not readily corrected? 

25 . Pjnumerate the eight losses occurring in alternators, and discuss each 
briefly. Which are not chargeable to the alternator? Discuss methods for deter¬ 
mining these losses. 

26 . Describe briefly the mode of operation of the Tirrill voltage regulator; the 
Silverstat type of voltage regulator. 

27 . Explain why the prime-mover characteristics alone determine tlie kilowatt 
division of load between alternators in parallel. Why is this true of alternators 
and not true of d-c generators? Why is it undesirable that the prime movers have 
flat speed-load characteristics? 

28 . If two alternators are operating in parallel, w^hat is the effect on the phase 
of their induced emfs of increasing the driving torque of the prime mover driving 
one of them? Show that the resultant emf produces a circulatory current called 
the synchronizing current and that the action of this current is such that it makes 
the parallel operation of alternators a condition of stable equilibrium. 

29 . If the field of one of two alternators operating in parallel is strengthened, 
in what two ways is its internal emf affected? its current? Why? How are the 
emf and the current of the other machine affected at this same time? Show that 
the reactions resulting from changing the field excitation change the power factor 
but cannot change the kilowatt division of load between the alternators. What is 
the objection to operating two alternators in parallel, one with a leading current and 
the other with a lagging current? 
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80. Sketch the connections of a simple method that may be used to show the 
proper time for connecting alternators in parallel. Compare the voltage rating of 
the synchronizing lamps with the voltage of the system. How do such lamps indi¬ 
cate the phase relation of the incoming machine and the bus bars? When should 
the line switch be closed? 

31. State two disadvantages of the three-dark method of synchronizing. How 
may these disadvantages be, in part, eliminated by a different grouping of the 
lamps? Why is the use of a synchronism indicator, or synchroscope, superior to 
the foregoing methods, especially with certain types of alternators? 

32. What types of prime mover have pulsating torques? How may the effect 
of these torque pulsations be magnified several times by direct-connected alter¬ 
nators? Why is it undesirable that pulsations of frequency be communicated to 
the system? State the general remedies that may be used to reduce hunting and 
the reason for the use of each. 

PROBLEMS ON CHAPTER VII 
Alternator Regulation and Operation 

(Problems marked* may be solved trigonometrically and with complex quanti¬ 
ties.) 

*272. In a 100-kva 600-volt 60-cycle single-phase alternator, the effective arma¬ 
ture resistance and leakage reactance are 0.072 and 0.18 ohm. At rated terminal 
voltage and kva load, determine internal induced emf Ea at (a) unity power factor; 
(6) 0.75 power factor, lagging current; (c) 0.75 power factor, leading current. 

*273. The synchronous reactance (Prob. 272) is five times the leakage react¬ 
ance. Determine no-load emf and regulation at (a) unity power factor; (5) 0.75 
power factor, lagging current, (c) 0.75 pow'cr factor, leading current. 

*274. In a 50-kva 550-volt 25-cycle single-phase alternator, the effective arma¬ 
ture resistance is 0.25 ohm, the synchronous reactance is 3.2 ohms, and the leakage 
reactance is 0 5 ohm. Determine at rated load, unity pow'cr factor, (a) internal 
emf Ea\ (b) no-load emf E; (r) regulation; (d) value of synchronous reactance, vrhich 
replaces armature reaction. 

*276. In Prob. 274, repeat for power factor of 0.8, lagging current, (a), (6), (c). 

*276. In Prob. 274, repeat for pow'er factor of 0.8, leading current, (n), (5), (c). 

*277. A 1,000-kva 2,300-volt 60-cycle 720-rpm 3-phase delta-connected alter¬ 
nator has the following coii.stants for each phase (coil): effective armature resist¬ 
ance, 0.42 ohm; armature leakage reactance, 1.32 ohms; synchronous reactance, 
6.7 ohms. At rateil load and terminal voltage, unity powder factor, determine (a) 
induced armature emf - (5) no-load induced emf; (c) power generated in armature. 
Field current is 66 amp at 125 volts, core and friction losses at rated load and unity 
power factor are 21.5 and 17.5 kw. (d) Determine efficiency, including field 
rheostat loss. 

*278. Repeat (n), (5), (c), Prob. 277 (at rated kva), for 0.8 power factor, lagging 
and leading current. 

*279. The effective armature resistance and the synchronous reactance of an 
800-kva 4,400-volt 25-cycle 2-phase alternator are 1.2 and 16.5 ohms for each of the 
two phases. Determine (a) rated current; (b) regulation at unity power factor; (c) 
regulation at 0.85 pow^ei factor, lagging current; (d) regulation at 0.85 power factor, 
leading current; (r) armat ure loss and percentage of output in each case. 

*280. The following open-circuit and short-circuit tests are made on a 6,000-kva 
6,600-volt Y-connected 2-pole 60-cycle turbine-driven alternator. Field current 
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125 amp and corresponding open-circuit terminal emf, 8,200 volts; with armature 
short-circuited, field current raised to 125 amp, three line currents each 800 amp. 
At rated load, unity power factor, armature loss 1.5 per cent of output, determine 
(a) rated current; (b) effective armature resistance per phase; (c) synchronous 
impedance; (d) unsatiirated synchronous reactance; (c) regulation at unity power 
factor; (/) regulation at 0.8 power factor, lagging current. 

281 . In Prob. 280 the field excitation voltage is 240 volts, the field current at 
unity power factor and 0.8 power factor 120 and 140 amp; resistance of field winding 
at 75°C, 1.5 ohms; friction and windage los.s, 75 kw; core loss at unity and 0.8 power 
factor, 60 and 65 kw. Excluding field rheostat loss,^ determine efficiency at (a) 
unity power factor; (b) 0.8 powt'r factor. 

’*‘ 282 . The following open- and short-circuit data are given for a 20-kva 230-volt 
60-cycle 6-pole 3-phase alternator. The field excitation voltage is 115 volts. 


Field current, amp.j 

1 

2 

3 

4 

5 

6 

7 

Terminal emf, volts. 

80 

154 

210 

252 

280 

298 

312 

Line current, amp. 

17 

34 

50.2 

66 

81 



Core loss, watts. 

50 

110 


300 

445 

600 



The ohmic resistance between armature terminals is 0.14 ohm. When the 
short-circuit current is 50.2 amp, the input to the alternator shaft is 1,150 watts, of 
which 350 watts is friction and windage. The leakage reactance is 0.3 ohm to 
neutral if the alternator is assumed Y-connected. Plot the curves of open-circuit 
terminal emf, short-circuit line current, core Ickss, synchronous reactance, with field 
current as abscissas. Assume that the alternator is Y-connected. At unity power 
factor, rated kva load, and rated terminal voltage, determine (a) ratio of effective 
to ohmic resistance with 50.2-nmp line current; {b) induced armature emf Ea', (c) 
no-load emf £^by .synchronous-impedance method; (d) efficiency excluding rh(‘ostat 
loss in field circuit. The core lo.ss should be that corr(‘sponding to the field, which 
gives V and IR,^ The resistance of the field winding at is 11.2 ohms. 

* 283 . In Prob. 282 for rated kva load at rated terminal voltage and 0.8 power 
factor, lagging current, determine (a) induced armature emf Ea’, (5) no-load emf 
E by synchronous-impedance method; (c) regulation. 

* 284 . Repeat Prob. 283 for O.S power factor, leading current. 

* 286 . Repeat Prob. 282, assuming that the alternator is delta-connected. 

* 286 . Compute the regulation of the alternator of Prob. 2S2, (unity power fae- 
tor) by the mmf method. Using, when n(*ce.s.sary, the op(‘n- and short-circuit 
characteristics, determine (a) field current to produce rated current at short cir¬ 
cuit; (b) sum of the terminal volts and armature resistance' drop; (r) field current 
to produce (5); (d) resultant field current; (c) no-load emf and regulation. Com¬ 
pare results with those of Prob. 282. 

* 287 . Repeat Prob. 286 for 0.8 power factor, lagging current. ('ornpare results 
with these of Prob. 283. 

* 288 . Repeat Prob. 286 for 0.8 power factor, leading current. Compare results 
with those of Prob. 284. 

* 289 . In Prob. 290 arc given the effective armature resistance, data for the 
saturation curve or open-circuit characteristic, and other data for a 50-kva 220-volt 
25-cycle 1,500-rpm Y-connected alternator. The field current necessary to produce 
the rated current of 131 amp at short circuit is 4.8 amp. Using the data and 

^ According to ASA Standard 50 (1942); see p. 230. 
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saturation curve, determine by the mmf method the regulation at unity power 
factor at 0.8 power factor, lagging and leading current. 

* 290 . A 50-kva 220-volt 2r)-cycle 1,500-rpm Y-connected alternator has an 
effective armature resistance of 0.038 ohm to neutral. Data for the open-circuit 
(O.C.) and zero-power-factor characteristic are as follows: 


//, amp. 

1 5 

3.0 

4.0 

4.8 

6.5 

8.0 

9.75 

11.0 

13.0 

13.9 

16.0 

O.C. emf, volts.. 

48 

94 

122 

141 

174 

198 

220* 

234 

254 

262 

278 

0 P.F., volts. 




0 

53 

100' 

138 

161 
_ 1 

191 

202* 

224 


* These are correHi)onding pom Is on the two characteiistics. 

If ■■ field cunent, excitation at 120 volts; O.C. = no-load terminal emf; 0 P.F. = zero-power- 
factor characteristic at rated current. 


Plot the two charact<‘ri.stics, and draw the Potier triangle corresponding to 
V *= 220 volts, zero power factor. The regulation is to be found by the general 
method (p. 209). Determine {a) rated current; {h) from Potier diagram, armature 
leakage reactance and armature reaction in terms of field current; (c) induced emf 
Ea with rated current and unity power factor; (d) resultant mmf F from no-load 
characteristic; (c) impressed mmf drawing alternator vector diagram; (/) no-load 
emf from no-load characteristic; {g) regulation. 

* 291 . In Prob. 290, with rated current at 0.8 power factor and lagging, determine 
(a) induced emf Ea', (b) resultant mmf F; (c) impressed mmf Fi, drawing alternator 
vector diagram; (d) no-load emf from no-load characteristic; (e) regulation. 

* 292 . llepeat Prob. 291 for 0.8 power factor, leading current. 

* 293 . The regulation of the alternator of Prob. 290 is to be found at unity and 
at 0.8 power factor, lagging current, by the ASA method (p. 225, Fig. 201). Draw 
air-gap line; and, using this and no-load saturation curve, determine for unity 
power factor and for 0.8 power factor (a) /^, field current that produces rated cur¬ 
rent at short circuit; (b) f,, field current that produces rated terminal voltage on 
air-gap line; (c) Ir, vector sum of (a) and (6); (d) induced armature emf Ea (see 
Prob. 290); (c) /,, increase in field current to account for saturation at induced 
emf E„] (f) total imj^re.ssed field Fi; (g) no-load emf E; (k) regulation (P.F. *=1.0 
and 0.8, lagging current), ('ompnre \\ith similar results, Probs. 290 and 291. 

* 294 . In a 2,500-kva 2,300-volt 60-eyele 120-rpm V-connected 3-phase alter¬ 
nator th(» effective armature resistance of each phase to neutral is 0.032 ohm. 
Data for the open-circuit and zero-po^^er-factor characteristics are as follows: 


kilovolts. 0 55 
OP.F., kilo¬ 
volts 

//, amp . 93 
O.C. emf, 

kilovolts. 2.87 
OP.F., kilo- 


25 

1.375 



5 



• Theae are correapontlinR points on the two characteristics. 

If — field current, excitation at 240 volts, resistance of field winding at 75®C. 2.2 ohms. O.C. 
no-load terminal emf; 0 P.F. «• zero-power-factor characteristic at rated current. 
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Plot the two characteristics and draw the Potier triangle corresponding to 
V = 2,300 volts, zero power factor. The regulation is to be determined by the 
general method (p. 209). Determine (a) rated current; (b) from diagram, arma¬ 
ture leakage reactance and armature reaction in terms of field current; (c) induced 
emf Ea at unity power factor; (d) resultant mmf from no-load characteristic; (e) 
impressed mmf Fi, drawing alternator vector diagram; (/) no-load enif from no-load 
characteristic; (g) regulation. The friction and windage loss is 23.1 kw, and core 
loss corresponding to field, which gives V + IRj is 36.5 kw. (/i) Determine 
efficiency, excluding rheostat loss in field circuit. 

’*' 295 . In Prob. 294 with rated current at 0.8 power factor, lagging current, 
determine (a) induced emf Ea', (b) resultant field from no-load characteristic; (c) 
resultant mmf, drawing alternator vector diagram; (d) no-load emf from no-load 
characteristic; (e) regulation. Core loss is now 40 kw. (/) Determine efficiency, 
excluding field rheostat loss. 

* 296 . Repeat Prob. 295 for 0.8 power factor, leading current, (^ort^ loss is now 
27 kw. 

* 297 . The regulation of the alternator of Prob. 294 is to be found at unity and 
0.8 power factor, lagging current, by the A8A method (p. 225, Fig. 201). Draw 
air-gap line; and, using this and no-load saturation (‘urve, determine for unity power 
factor and 0.8 power factor (a) 7^, field current that produces rated current at short 
circuit; (b) /«, field current that produces rated terminal voltage on air-gap line; 
(c) It, vector sum of (a) and (6); (d) induced armature emf Ea\ (c) increase in 
field current to account for saturation at induced emf F«; (/) total impressed field 

{q) no-load emf E; {h) regulation (P.F. = 1.0 and 0.8, lagging current), (com¬ 
pare with similar results, Probs. 294 and 295. 

298 . Two similar 2,500-kva alternators operate in parallel. The speed¬ 
load characteristic of the first alternator is such that its freciuency drops 
uniformly from 60.5 to 58.5 cycles from no-load to 2,500-kw load. Tin* 
frequency of the second alternator drops from 60.5 to 59 cycl(‘S under the same 
conditions. Determine the kilowatt load of each alternator wh(*n the combined 
load on the two alternators is (a) 3,000 kw; (b) 4,000 kw. (c) Determine maxi¬ 
mum total unity-power-factor load that two alternators can supply without over¬ 
loading either. 

299 . The tension of the governor spring of the first alternator of Prob. 298 is so 
adjusted that both alternators have the same frequency when tin* load on each is 
1,500 kw. This change raises the speed-load characteristic of the second alternator 
the same number of cycles at every point. Determine power d(*livered by each 
alternator when system load is (a) zero; (5) 3,600 kw; (c) 4,200 kw. 

300 . Two alternators, 1 and 2, are operating in parallel, supplying single- 
phase power at 2,300 volts to a load of 1,200 kw whose power factor is unity. 
Alternator 1 supplies 200 amp at 0.9 power factor, lagging current. Determine, for 
alternator 2, (a) power; (5) current; (c) power factor. 

301 . Repeat Prob. 300 with a load of 2,200 kw, 0.8 power factor, lagging 
current. 

302 . Two 3-phase alternators are operating in parallel to supply a 6,000-kw 
unity-power-factor load at 6,900 volts. The current of alternator 1 is 200 amp at 
0.85 power factor, hiding current. Determine, for alternator 2, (a) power; (6) 
current; (c) power factor. 

303 . Repeat Prob. 302 with a load of 6,000 kw, 0.9 power factor, lagging 
current. 
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QUESTIONS ON CHAPTER VIII 
The Transformer 

1. Define a transformer. What distinct advantages do transformers possess 
over most other types of electrical machinery? 

2. By what means is energy transferred from one circuit to the other? Which 
winding is called the primary? the secondary? 

3. Derive the equation for the induced emf in a transformer winding. To 
what three factors is the induced emf proportional? 

4 . What current flows into a transformer primary when the secondary is open ? 
What is its order of magnitude? What is the relation of the direction of primary 
current to the direction of flux in the core? of the secondary current? Explain. 

6 . Analyze the sequence of reactions that cause the primary to take more 
power from the line when load is applied to the secondary. 

6. Why is th(‘ mutual flux in a transformer nearly constant from no load to 
rated load? What is the magnitude of the variation of the magnetizing current 
under these conditions? 

7. What approximate relation exists between primary arnperc-tums and 
secondary ainpere-tums? What relation exists between primary current and 
secondary current? 

8 . Describe any differences among primary leakage flux, secondary leakage 
flux, and mutual flux. Which of the foregoing arc direct functions of voltage, and 
which are direct functions of current? 

9 . What (‘ffect hav(‘ the two leakage fluxes on the operation of the transformer? 

10 . Derive the complete vector diagram of the transformer. Why are the 
primary and the secondary induced emfs shown equal in magnitude and in phase 
with each oth(*r? \\'hy is a voltage equal and opposite to the primary induced 
emf neci'ssary in order to find the voltage at the terminals of the primary? 

11 . Show that the t(dal primary current is not equal and opposite to the second¬ 
ary current ev(ui wlien both windings have the same number of turns. Resolve the 
primary curnuit into two components, explaining why one of these components 
varies with the load on the transformer secondary. 

12. From tlu‘ complete transformer vector diagram, derive the simplified one, 
explaining the approximation in so doing. State the advantages of the simplified 
diagram. 

13 . Derive ihv equivalent resistances of a transformer, referred to primary and 
secondary. If the primary and secondary losses in a transformer are equal, what 
is the relation between the primary and secondary resistances and the ratio of 
transformation? 

14 . DiTive the equivah’iit leakage reactances of a transformer, referred to 
primary and secondary. What is the approximate relation of primary and 
secondary leakage reactance to the ratio of transformation? 

16 . What is the ratio of the equivalent resistance and leakage reactance, 
as referred to the primary, to the equivalent resistance and leakage reactance 
as referred to the secondary? 

16 . Show that, if one side of a transformer is open and the other side is con¬ 
nected across a voltage, practically the entire input goes to supply the core loss. 
How does this core loss vary with the voltage? Why? 

17. Why do both the magnetizing current and the core loss usually increase 
very rapidly after the rated voltage of the transformer has been reached? Why is it 
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practically impossible to operate transformers at voltages very much in excess of 
those for which they are rated? How is the true magnetizing current found? 

18 . When one side of a transformer is short-circuited and the other side is 
connected to an a-c supply, show that the input goes almost entirely to supply¬ 
ing the copper losses of the primary and secondary coils. How are the equivalent 
impedance and the equivalent leakage reactance, referred to either side, deter¬ 
mined from the short-circuit test? 

19 . Define the regulation of a constant-potential transformer. Derive the equa¬ 
tion by which the regulation may be computed, for unity power factor and for the 
conditions of lagging and leading current. 

20 . Derive the equation for determining regulation, employing unit values. 

21 . What losses exist in a transformer operating under load? How may these 
losses be computed for different loads? Indicate the method of calculating the 
efficiency over the working range of the transrornicr. What are the advantages of 
this method over direct measurements of output and input? How is all-day 
efficiency determined? 

22 . In what way does the core type of transformer differ in construction from 
the shell type? (\)mpare the dimensions of the electrical and magnetic circuits 
in the two. What measiir(‘s are taken to make tlie leakage flux as small as possible? 
Which type is better adapted to high voltage, and which is better adapted to resist 
electromechanical stresses? 

23 . Describe the distributed-core type of transformer. 

24 . What improvements in transformer steel have made the use of spiral-wound 
cores desirable? Describe the method of binding and applying the core in the 
Spirakore transformer. Tlepeat for the type* of construction that is used to apply 
a wound core to rectangular coils. 

25 . Describe the construction of the Westinghouse Ilypersil transformer; the 
Line Materials wound-core and the Kuhlman bent-irein core transformers. 

26 . Discuss the following methods of cooling transformers: {a) dry type, air¬ 
cooled; (6) oil-immersed, self-cooled; (r) oil-imni(*rsed, forc(*d-air-cooled; (d) oil- 
immersed, water-cooled; (e) oil-immersed, forced-oil-cooled; (/) air blast. 

27 . What is meant by the “breathing’’ of transformers, and why is it harmful? 
Describe three methods of meeting the problem. 

28 . Explain the principle upon which 3-phase transformers operate. What are 
the advantages and disadvantages of this type of transformer? From the oper¬ 
ating standpoint, in what ways do the shell type and core type of 3-phase trans¬ 
former differ? 

29 . Define an autoiransforniery explaining the difference's between it and tlie 
conventional transformer. Indicate the windings that determine the ratio of trans¬ 
formation; that determine the power transformed. 

80 . Under what conditions is it advantageous to use an autotransformer, and 
where should it not be used? How may an ordinary transformer be connected to 
operate as an autotransformer? What is a balance coiU 

31 . Describe methods for phasing the sections of a primary winding of a trans¬ 
former; repeat for the secondaries. 

32 . Describe the delta-delta, delta-Y, and Y-delta transformer connections, 
including the method of phasing; state the conditions for which each connection is 
best adapted. 

33 . Describe the Y-Y transformer connection. What is meant by a floating 
neutral, and what connection can be used to eliminate it? 
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34 . Under what conditions is it not possible to operate 3-phase transformer 
banks in parallel^ even though the ratios between line voltages are alike for the 
several banks? 

85 . State why, at no-load, the three voltages across the delta-delta-connected 
transformer secondaries are not in any way disturbed by the removal of one of the 
transtorniers, if the voltages are balanced. 

36 . What is the ratio of the kva rating of the delta-connected bank to the 
V-connected bank? Under what conditions is the V-connection sometimes used? 

37 . Make a diagram of the T-connection when used for transforming 3-phase 
to 3-phase. How does tlie total 3-phase kva rating of the T-bank compare with the 
sum of the kva ratings of the individual transformers? 

38 . Show lu)w the T-conn(*ction may be used for obtaining a 2-phase 3-wire 
system. What connection is necessary if the 3-wire system is to have equal 
voltages? 

89. By a diagram show the method by which a 2-phase (or 4-phase) 4- or 5-wire 
system may be obtained from the T-connection. Show the location of the electrical 
neutral of the T-sjvsteni. 

40 . Why is it d(\sirable to change transformer taps under load conditions? 
Make a diagram showing how the operation is accomplished and how intermediate 
taps arc provided. Make' a diagram showing how phase' control is obtained. 

41 . How does the construction of a constant-current transformer differ from 
that of a constant-potential transformer? Assuming a change of load, analyze 
the reactions that cause tlie transformer to maintain the current constant. Why is 
the power factor of this type of transformer usually low? 

42 . Why is it lu'cessary to use instrument transformers for measuring voltage, 
current, and power on high-voltage a-c cin'uits? 

43. In what particulars does the potential transformer differ from the conven¬ 
tional power transformer? What is the usual voltage rating of the secondaries? 
Why should the secondaries always be well grounded at one point? 

44 . T)(*.scii})e the construction of a current transformer. What presents it from 
giving a ratio of transformation that is exactly proportional to the ratio of second¬ 
ary to primary t urns? What ('ff(*ct does its phase angle have on electrical measure¬ 
ments? Why should the secondary always be kept closed? In what ways does 
the operation of a current transformer differ from that of the usual constant- 
potential transformer? 


PROBLEMS ON CHAPTER VIII 
The Transformer 

(Problems marked * may be solved trigonometrically and with complex 
quantities.) 

304 . The liigh-side winding of a 100-kva 2,300/575-volt OO-cycle transformer 
consists of 200 turns of rectangular (0.526- by 0.1-in.) copper conductor. Deter¬ 
mine {a) turns in low-side winding; (5) rated high- and low-side currents; (c) cir¬ 
cular mils per ampere at rated current of the high-side winding; (d) circular-mil 
cross section of copper in the low-side winding, if both windings operate at same 
current density. 

305 . There are 120 turns in the low side, or secondary, of a 10-kva 2,300/230- 
volt 60-cycle distribution transformer. A tap connection to the high side, or 
primary winding, is made to compensate for a 2.5 per cent impedance drop. 
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Determine (a) total primary turns; (5) high-side turns between tap and other line 
connection; (c) rated low-side current; (d) high-side current corresponding to (c). 

806 . The low-side secondary of a 2,400/240-volt 2r)-kva 60-cycle transformer 
consists of two 120-volt windings that can be connected in series to give a secondary 
3-wire system. There are 600 turns in the high-side winding. The loads on the 
two sides of the 3-wirc system are unbalanced, the load on one side being 75 amp 
and the load on the other side being 60 amp, both at unity power factor. Deter¬ 
mine (a) turns in each half of secondary; (b) total secondary ampere-turns; (c) 
primary current. 

307 . The iron in a 500-kva 25-cycle 66,000/2,400-volt power transformer oper¬ 
ates at a maximum flux density of 80,000 maxwells per sq. in., and the volts per 
turn in each winding is 25. Determine (a) turns in each winding; (6) maximum 
instantaneous value of flux; (c) net cross section of iron; (d) gross cross section of iron 
if the ratio of net to gross is 0.92. 

308 . A 200-kva 13,200/240-volt 60-cycle transformer operates at a flux density 
that gives an induced ernf of 20 volts per turn; tlie gross cross section of the iron is 
108 sq in., and the ratio of net to gross is 0.9. Determine (a) maximum flux in core; 
(b) maximum net flux density in iron laminations. 

309 . A 60-cycle 200-kva 3-winding transformer is rated at 2,400 volts primary 
voltage, and there are two secondary windings, one rated at 600 volts and the other 
at 240 volts. There are 200 primary turns. The rating of each secondary winding 
is 100 kva, one-half that of the transformer. Determine (a) turns in each second¬ 
ary winding; (5) rated primary current at unity power factor; (r) rated primary 
current at 0.8 power factor, lagging current; (d) rated current of the 600-volt and 
240-volt secondary windings; (c) primary current when 240-volt winding delivers 
400 amp and 600-volt winding delivers 150 amp, both loads b(‘ing at unity power 
factor. 

310 . In (c), Prob. 309, determine primary current when the current in the 240- 
volt winding is in phase with its induced emf and the current in the 600-volt wind¬ 
ing lags its induced emf by 45°. 

311 . At no load, a 100-kva 2,400/240-volt 60-cycle distribution transformer 
takes 700 watts and 0.64 amp when 2,400 volts is applied to its high-side winding. 
Determine (a) no-load power factor; (b) no-load energy current; (r) magnetizing 
current; (d) percentage magnetizing current in terms of rated current. A non- 
inductive load of 200 amp is applied to the transformer secondary, so that the 
corresponding primary component is essentially in phase with the primary terminal 
voltage, (c) Determine primary power factor and phase angh*. 

312 . The constants of a 37.5-kva 50-cycle 600/240-volt transformer are as 
follows; high-side effective resistance, 0.052 ohm; high-side* leakage reactance, 
0.120 ohm; low-side effective resistance, 0.0080 ohm; low-side leakage reactance, 
0.024 ohm. Determine («) equivalent effective resistance referred to high side; 
(6) equivalent effective resistance referred to low side*; (c) ('(piivalent leakage 
reactance referred to high side; (d) equivalent leakage rea(!tance referred to low 
side. 

313 . In Prob. 312, the core loss at rated voltage is 360 watts. Determine (a) 
copper loss at rated kva load, using resistances computed in both (a) and (b ); (b) 
efl5ciency at rated unity-power-factor load; (c) efficiency at rated kva load and 
0.80 power factor, lagging current. 

* 314 . In Probs. 312 and 313, determine regulation at unity powder factor and at 
0.8 power factor, lagging current. Use equivalent effective resistance and leakage 
reactance, referred to both high and low sides. 
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316 . The effective primary and secondary resistances of a 500-kva 12,000/2,400- 
volt 60-cycle transformer are 1.52 and 0.049 ohms, and the corresponding leakage 
reactances are 6.4 and 0.26 ohms. The no-load core loss is 1,700 watts. Deter¬ 
mine (a) equivalent effective resistance, referred to high and to low side; ( 6 ) equiva¬ 
lent leakage reactance, referred to high and low side; (r) efficiency at rated kva^ad 
and unity power factor; (d) efficiency at rated kva load and 0.75 power faictor, 
leading current, (c) l^lot efficieniy as a function of kilowatt load at unity power 
factor. 

* 316 . In Prob. 315, determine (a) regulation corresponding to (c); (5) regulation 
corresponding to (d); (c) regulation at 0.75 power factor, lagging current. 

317 . Determine efficiency at % rated kva load of the transformer of 

Prob. 315 at 0.75 power factor, lagging current. Plot these values of efficiency with 
kva load as abscissas. 

318 . In an open-circuit test of a 10-kva 2,400/240-volt 60-cycle distribution 

transformer, the low-side volts, amperes, and watts are found to be 240 volts, 
0.75 amp, and 72 watts. The low side, or secondary, is short-circuited. When 67 
volts is applK'd to the high side, rated current of 4,17 amp flows and the power is 
146 watts. DetermiiK* («) equivalent impedance, referred to high and to low side; 
(h) equivalent resistances; (r) equivalent leakage reactances. At rated load and 
unity power factor and at 0.80 power factor, lagging current, determine (d) 
efficiency at rated kva load; (c) efficiency at 3^, 5^4 kva load. (/) Plot 

efficiency curve as a function of kva. 

* 319 . Determine the regulation of the transformer of Prob. 318 at (a) unity 
power factor; ( 6 ) 0.8 power factor, lagging current; (c) 0.8 power factor, leading 
current. 

320 . In an open-circuit test of a 25-kva 2,400/240-volt distribution transformer, 
made on the low side, the corrected volts, amperes, and watts are 240 volts, 1.6 amp. 
and 114 watts. In the short-circuit test, the low side is short-circuited, and the 
volts, amperes, and watts to the high side are 59 volts, 11.2 amp, and 420 watts. 
The d-c resistances of the high-side and low-side windings were measured and found 
to be 1.40 and 0.0167 ohms. Determine (a) equivalent impedance, referred to high 
side; ( 6 ) equivalent resistance, referred to high and low sides from a-c measure¬ 
ments. (c) Determine ( 6 ) computed from d-c measurements. Determine (d) 
ratio of effective to ohmic resistance for transformer as a whole; (e) equivalent 
leakage reactance, referred to high and low sides; (/) efficiencies at K, 
unity jiower factor and 0.70 power factor, lagging current. 

* 321 . In Prob. 320, determine regulation at rated kva load and (a) unity power 
factor; (b) 0.707 pow erfactor, lagging current; (c) 0.90 power factor, leading current. 

322 . Determine all-day (‘fficiency of the transformer of Prob. 315, at 0.90 power- 
factor loads, as follows: rated kva, 8 hr; 0.5 rated kva, 2 hr; 0.25 rated kva, 2 hr; 
no-load, 3 hr; disconnected from service, 9 hr. 

323 . IVtermine all-day efficiency of the transformer of Prob. 320, at unity 
power-factor loads as follows: rated kva, 6 hr; 0.75 rated kva, 3 hr; 0.50 rated kva, 
4 hr; 0.25 rated kva, 6 hr; no-load, 5 hr. 

324 . In Fig. 324A is showm an autotransformer used to step down primary 
voltage Vi to 0.65 Fi. If Fi = 240 volts and 200 amp at unity power factor is 
supplied by the secondary 5c, determine («) voltage Fbr; (5) current (c) current 
Icb] (d) power transformed in windings ah and he; (c) power that flows conductively 
to the load; (/) ratio of kva rating of autotransformer to that of conventional trans¬ 
former with same source and load conditions. Neglect losses. 
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325 . (a) If the effective resistances of the winding ah and ?;c, Fig. 324il, are 
0.00325 and 0.0132 ohrn and the core loss is 110 watts, determine efficiency of 
autotransformer under the given load conditions. (6) Repeat (a) with load power 
factor 0.8, lagging current. 


Load 
200 Amp 

t 

Fig. 324A. Fig. 326A. 

326 . An autotransformer. Fig. 326A, is used to transform 1,000 kva, 0.9 power 
factor, at 33,000 volts, from a 22,000-volt 60-cycle system. Neglecting losses, 
determine (o) current in windings ah and ac; (h) current in wires a'a and c'c; (c) 
power transformed; (d) power that flows conductively to the load, (e) If the effec¬ 
tive resistances of the windings ah and ac are 0.28 and 1.1 ohms and the core loss is 

1,700 watts, determine efficiency of auto- 
transformer. 

327 . A 25-kva 2,400/240-vo 11 trans¬ 
former is (*onnected as shown in Fig. 327A 
so that it acts as a booster to raise the line 
voltage from 2,400 to 2,640 volts. With the 
maximum kilowatt load that it is possible 
to supply without overloading either of 
the transformer windings, determine (a) power received by system; (b) power 
delivered by sysKuii, (r) power transformed; (</) power that flows through without 
transformation, (c) Tf efficiency of transformer is 98 per cent, det(‘rmine efficiency 
of entire system. Magni'tizing current, impedance drops, and transformer losses 
may be neglected in (n), (6), (r), (d). 

328 . Repeat I’rob. 327 with the secondary reversed so that the ultimate voltage 
is 2,160 volts. Which coil is Die primary and which is the secondary under these 
conditions? 

329 . A 25,000-kva 13,800-volt 60-cycle 3-phase Y-connectcd alternator sup¬ 
plies its rated load at rated voltage to the bus bars at 0.90 power factor, lagging cur¬ 
rent. The voltage is then stepped up with a delta-Y transformer bank to 66,000 
volts for transmission and at the receiving end of the line is stepped down to 13,800 
volts for distribution, with a delta-delta transformer bank. Make a wiring diagram 
of the system. Determine (a) coil voltage and coil current of alternator; (h) volt¬ 
ages and currents of primaries and secondaries of step-up transformers; (c) voltages 
and currents of primaries and secondaries of step-down transformers; (d) kva rating 
of each transformer. Neglect losses. 

330 . Two 30,000-kva 50-cycle 13,800-volt Y-connected water-wheel-driven 
alternators operate in parallel to supply power to a 220-kv 3-phase transmission 
line. The voltage is stepped up to 220 kv by a delta-Y-connected transformer bank. 
At the receiving end of the line the voltage is stepped down to 150 kv by a Y-con- 
nected autotransformer bank. Half this power is then stepped down to 66 kv by a 
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Y-delta transformer bank. Make a wiring diagram of entire system, showing 
voltage and current at each point in system. Also, give rating of each transformer 
in volts, amp, and kva. Both alternators may be assumed to deliver their full 
rated loads at unity power factor, and the power factor of all the loads may be 
assumed to be unity. System losses may be neglected. 

331. A substation takes 693 kw, 3-phase power, at 26,600 volts, and this power 
is stepped down to 2,300 volts by two V-conneeted translormers. The load power 
factor is unity. Determine (a) minimum rating of each transformer; (6) current 
and voltage rating of each winding; (c) power factor at which each winding oper¬ 
ates. Neglect losses. A third transformer of the same rating as these two is 
added. Determine (d) rating in kilowatts at unity power factor of substation; (e) 
percentage increase, in kilowatt rating and percentage increase in transformer 
investment. 

332. A community served by a 13,800-volt 60-cycle 4-phase 5-wire system takes 
12,000 kw at unity power tactor from a 132-kv 3-phase 60-cycle transmission line 
by means of two Scott-connected transformers. Make a diagram of connec¬ 
tions. Give primary and secondary voltages and currents and kva rating of each 
transformer. 

333. A factory takes 300 kw at 0.8 power factor, 2,400 volts, 3-phase, which is 
transformed by means of the Scott connection to a balan(‘ed 240-volt (diametrical) 
4-phase 5-wire system. Make a wiring diagram. Determine (a) primary and 
secondary currents in main transformer; (6) primary and secondary currents in 
teaser transformer. Show all voltages and currents on diagram. 

334. Make a diagram showing the medhod of obtaining a balanced 230-volt 
2-phase 3-wire system from a 230-volt 3-phase 3-wire system using the Scott con¬ 
nection. If the maximum power is 50 kw at unity power factor, give voltage, 
current, and kva rating of primaries and secondaries of both main and teaser 
transformers. 8how all voltages and currents in 3-wure system. 

336. A single-phase line delivers a maximum load of 250 kw at 2,400 volts, 
0.8 power factor. An ammeter, voltmeter, indicating w^attmeter, and watt-hour 
meter are to be connected for making measurements. Make a wiring diagram 
showung contK'ctions of instrument transformers, instruments, and meter. Give 
ratios of transformers and factor by wdiich each instrument reading must be 
multiplied in order to obtain corresponding value of the current, voltage, power, 
etc., in high-voltage circuit. The ammeter, wattmeter, and watt-hour meter 
should have 5-amp rating at rated load. 

QUESTIONS ON CHAPTER IX 
The Induction Motor 

1. Describe a simple experiment with a disk illustrating the underlying 
principle of induction-motor action. Show that the tendency of the rotor to follow 
the inducing magnetic field is an illustration of Lenz’s law. Why cannot the rotor 
attain the speed of the inducing magnetic field? 

2. Make a sketch of a 2-phase 2-p>ole drum winding, and sketch the positions 
of the poles for three or four different instantaneous values of current. Repeat 
for a 2-phase 4-pole winding and for a 3-phase 4-pole winding. 

3. In order to produce a rotating field, what must be the space relation among 
belts to the respective currents in these belts? WTiat is the relation between the 
space advance of the magnetic field and the time change of the currents? How is 
the direction of the rotating field reversed with a 2-phase and a 3-phase winding? 
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4. What is the relation of the synchronous speed to the frequency and the 
number of poles? What is meant by revolutions slip? percentage slip? Show the 
relation of the rotor frequency to the slip. 

6 . On what three factors does the torque developed by an alternating-current 
motor depend? Plot a sine wave of current and a sine wave of flux about 45°out 
of phase, and then plot the resulting torque curve. 

6 . Describe the construction of a squirrt'l-cage rotor, stating the various 
methods of making the end-ring connections. Describe the die-cast aluminum 
rotor, stating its advantages. 

7. Why does the rotor slip increase with increased load? What is the order 
of magnitude of the slip in commercial motors? 

8 . What direct-current motor characteristics do the squirrel-cage motor 
characteristics resemble? Why do the power fa(‘tor and the efficiency of the 
induction motor increase rapidly with load? 

9. State one serious objection to the squirr('l-ca.ge motor for certain type's of 
service. Analyze carefully the reasons why this type of motor develops low torques 
at starting, although it takes an unusually large' currc'nt. lender \vhat conditions 
is the torc|Uo a maximum when the current and flux arc' fixed in magnitude? 

10. Sketch a typical slip-torciiie curve of an induction motor. What is meant 
by the breakdmon torque? On what thrc'c* factors does it depend? Name* sc'veral 
industrial applications to which the squirrel-cagc motor is particularly well 
adapted, 

11. What is the effect on the slip of an induction motor of introducing resistance 
in the rotor circuit? Explain. What is the distinct disadvantage of controlling 
the speed of the motor by inserting resistance in the rotor circuit? 

12. W^hy are wound-rotor induction motors often m'cessary? Compare their 
starting characteristics, operating characteristics, and cost with those of sijuirrel- 
cage motors. State a few of the industrial applications of the wound-rotor motor. 

13. Describe the construction and analyze the operation of the doubh'-sqiiirrel- 
cage rotor. 

14. Up to what rating can general-purpose motors ordinarily lie connected 
directly across the line? Describe the following methods of reducing the voltage, 
and state their advantages and disadvantages: ^'-tlelta; autostarter (V- and V-coii- 
nected); series resistors and reactors. State the relation of line current and starting 
torque to the autotransformer tap ratio. 

16. Into what six classes are induction motors classified by the National hdectric 
Code and the NEMA? In the motor applications, what practical uses are made 
of these classifications? Describe the slot design and starting I'haracteristics of 
classes A, li, C\ I), and the wound rotor. 

16. What is the effect on the operation of the induction motor (a) of increasing 
the length of the air gap; (5) of using open slots; (c) of using semiclosed stator slots; 
(d) of using semiclosed rotor slots? Discuss the mechanical construction of tlu' 
motor with special rc'ference to air-gap requirements. 

17. Draw the equivalent electric circuit that gives the performance of the 
Induction motor. What value of resistance replaces the mechanical load of the 
induction motor? Draw the complete vector diagram of th(* induction motor. 
Draw the approximate equivalent electric circuit of the induction motor, stating 
the assumption made and the resulting error. 

18. From what measurements may data for the equivalent-circuit diagram be 
obtained? From the approximate diagram, show how to compute secondary 
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current; magnetizing current; exciting current h; power factor; output; torque; 

efficiency. 

19. What measurements are necessary in order to obtain data for the construe- 
tion of the circle diagram? Why is reduced voltage ustid in the blocked run? 
How is the diameter of the semicircle determined? What construction is necessary 
in order to separate the primary and secondary copper losses? 

20. From the circle diagram, how are the following factors determined for any 
given value of primary current: (a) secondary current; (h) power input; (c) core and 
friction losses; (d) primary copper loss; (e) secondary copper loss; (/) output; (flf) 
efficiency; (/?) torque; (0 slip; (j) power factor? 

21. What lhr(*e factors determine the speed of the induction motor? Describe 
briefly two methods of changing the speed by change of slip, stating the advan¬ 
tages and disadvantages of each method. 

22. Give an example whereby speed may be controlled by change of frequency, 
stating the limits of the method. 

23. Describe the method of changing the number of poles in an induction motor 
in order to obtain different speeds. What is meant by “consequent poles”? 
What are the limitations of this method? 

24. What is meant by amcatcnafion of induction motors? Analyze this method 
of speed control, making a diagram of connections when two similar motors are 
used. To what d-c method of speed control does this correspond? 

26. Under what conditions will an induction machine generate electrical 
energy? State (a) rotor ^'actions that cause reversal of electrical energy in the 
rotor; (h) effect of these reactions on the stator, (r) How is the load of the induc¬ 
tion generator controlled? (d) Whence does the machine obtain its exciting cur¬ 
rent? (c) What determines its frequency and voltage? 

26. State advantages and disadvantages of induction generator as compared 
with synchronous generator. Why is the machine power factor determined by the 
machine itself and not by the load? Illustrate with vector diagram. To what 
application is induction-generator action particularly well adapted? 

27. Why is it inaccurate to determine slip b 5 ^ measuring rotor speed and syn- 
<'hronous speed and then subtracting? Describe the stroboscopic method of 
measuring slip, using a n(*on glow lamp. How may slip be measured mechanically? 

28. What type of common alternating-current machinery does the induction 
regulator rescnuble? What windings has the regulator, and where are they jilaced? 
Why is a tertiary winding nec(‘ssary in the single-phase regulator, and where is it 
placed? 

29. Describe the method of operation of the induction regulator, and show its 
connections to a fced<‘r. Compare the 3-phase with single-phase regulator. Why 
is regulation by tap changing superior to the induction regulator? 

PROBLEMS ON CHAPTER IX 
The Induction Motor 

336. It is desired to obtain a speed of approximately 700 rpm with a 3-phase 
induction motor. Determine poles for (a) 60-cycle motor; (6) 25-cycle motor. 
(c) If the rated-load slip of each motor is 5 per cent, determine rated speed for each 
motor. 

337. A 3-phase 250-lip 60-cycle induction motor driving a circulating-water 
pump has a speed of 390 rpm at rated load. Determine (a) poles; (5) slip at rated 
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load; (c) space degrees advance of rotating field in one cycle; (d) cycles in one 
revolution of rotating field; (e) rotor frequency. 

338. The rated speed of a 10-hp 25-cycle 3-phase induction motor is 715 rpin. 
Determine (a) poles; (b) slip; (c) time required for rotating field to advance by one 
pole pitch; (d) time required for rotor to slip one revolution; (e) rotor frequency. 

339. A 50-hp 6-pole 3-phase 60-cycle 600-volt squirrel-cage induction motor 
would develop 180 per cent of its rated-load torque, if connected directly across the 
600-volt mains, and would take 700 per cent of its rated current. If a starting 
compensator were used giving 40 per cent line voltage across the motor, determine 
in percentage of rated-load values (a) line curnmt; (b) motor current; (c) starting 
torque. Neglect compensator losses and exciting current, (d) (e) (/) Repeat (a), 
(6), (c), using 60 per cent taps. If the motor slip at rated load is 0.02, determine 
(ff) actual starting torque in pound-feet. 

340. Were a 100-hp 100-amp 4-pole 60-eycl(' 3-phase 550-volt 1,765-rpm nor¬ 
mal-torque normal-starting-current (class A) squirrel-cage induction motor con¬ 
nected directly across the line, at the instant of closing the circuit it would take 
660 per cent its rated current at 0.385 power factor and develop 165 per cent its 
rated-load torque. If a compensator with 40 per cent taps were used for starting, 
determine at starting (a) motor power factor; (b) motor current; (c) line current; 
(d) power to motor; (c) starting torque in pound-feet. Neglect compensator loss(*s 
and exciting current. 

341. Repeat Prob. 340 with motor changed to the compensator 60 per cent 
taps. 

342. The breakdown torcpie of a 20-hp 4-pole 60-cy<*le 3-phase 220-volt 
squirrel-cage induction motor is 2.6 times rated-load tonpie. Other factors being 
equal, that is, air-gap flux, resistance of rotor, self-inductance of stator and rotor, 
etc., determine (a) ratio of breakdown to rated-load torque in a 40-cycle motor; 
(b) in a 25-cycle motor. Nf^glect stator resistaru'e. (c) Determine br(‘akdown 
torque in (a) and (b) when motor is started with autotransformer at 80 per cent 
taps. (See Fig. 277, p. 324.) 

343. In a 50-hp 60-cycl(‘ 440-volt 860-rpm 3-phase wound-rotor induction motor 
the ratio of maximum torque to rated-load torque is 1.7. Resistance is inserted in 
rotor circuit to give maximum torque at starting with rated voltage applied. 
Determine (a) starting torque with 220 volts applied to stator; (b) voltage to give 
rated-load torque at starting. 

344. The design data of a 20-hp 3-pliase 220-volt 25-cycl(' 4-pole delta-con¬ 
nected induction motor are as follows: slots, 72; wires per slot, 10; inner diameter 
of stator, 43.2 cm; length of armature iron, 20 cm. Neglecting the stator imped¬ 
ance drop, determine for a full-pitch winding (a) belt factor; (b) flux per pole in 
air gap; (c) maximum flux density in air gap in gausses and in maxwells per square 
inch, as.suming sinusoidal flux distribution. 

346. Repeat Prob. 344 with five-sixths-pitch winding. 

346. The design data for a 150-hp 3-phasc 600-volt 60-cycle 6)-pole Y-connected 
squirrel-cage induction motor are as follows: slots, 108; coil sides per slot, two; 
turns per coil, one; pitch, 15 slots; inner diameter of stator, 30 in.; axial length of 
armature 12 in. Determine (a) pitch factor; (b) flux per pole in air gap; (c) maxi¬ 
mum flux density in air gap in maxwells per square inch, assuming sinusoidal flux 
distribution. 

347. A 10-hp 4-pole 25-cycle 3-phase wound-rotor induction motor is taking 
9,100 watts from the line. Core loss is 290 watts; stator copper loss is 568 watts; 
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rotor copper loss is 445 watts; friction and windage are 121 watts. Determine (a) 
power transferred across air gap; (5) mechanical powt r in watts developed by rotor; 
(c) mechanical power output in watts; (d) efficiency; (c) slip; (/) torque in pound- 
feet. 

Hint. —The ratio of rotor /^/i-loss to power transferred across air gap to rotor 
is proportional to slip. Also, tortiue developed in rotor may be determined from 
power transferred across air gap (synchronous watts) and sjmchronous speed. 
The torque at pulley is less than this value by friction and windage torque. 

It will assist in the solution of this problem to trace the power in the circuit of 
Fig. 286 (p. 339). 

848. When the load on the motor of Prob. 347 is reduced, the power distribu¬ 
tion is as follows: input, 5,200 watts; core loss, 290 watts; stator copper loss, 195 
watts; rotor copper loss, 145 watts; friction and windage, 121 watts. Repeat 
(a) to (/), Prob. 347. 

849. In Prob. 347 the speed is reduced by inserting external resistance, con¬ 
nected through the slip rings, in the rotor circuit. At 500 rpm and the same value 
of stator current, determine (a) total loss in rotor circuit; {h) horsepower output; 
(c) motor efficiency. The friction and windag(‘ loss may be assumed proportional 
to speed. 

860. In Prob. 349, the speed is reduced to 375 rpm by inserting external resist¬ 
ance in the rotor circuit. With the same value of stator current and assuming 
friction and windage loss proportional to speed, determine (o), (5), (c), Prob. 349. 

861. A 10-hp 220-volt 60-cycle 3-phase wound-rotor induction motor is deliver¬ 
ing rated load at 575 rpm. The rotor resistance per phase is O.lt ohm. Deter¬ 
mine speed if rotor resistance is three times as great, assuming constant torque. 

862. A 15-hp 440-volt 4-pole OO-cvcle 3-pha8e 1,750-rpm squirrel-cage induction 
motor is tested by means of a Prony brake. The data are as follows: 


Volts 

Amp 
per j 

K 

w 

Balance 

lb 

Slip, 

('Cycles 

per 


term null 

Pi 

Pi 

rpm 

sec 

440 

29 4 

12 95 

6 54 

35 4 

91 

60 

440 

24 0 

10 54 

5 54 

29 6 

75 

60 

440 

IS 9 

8 32 

4 36 

23 6 

51 

60 

440 

14 2 

() 23 

3 15 

17 7 

36 

60 

440 

11 S 

5 18 

2 52 

U 6 

29 

60 

440 

9 S7 ! 

4 32 

1 94 

11 8 

22 

60 

440 

7 92 

3 45 

1 37 

8 9 

18 

60 

440 

6 31 ! 

2 64 

0 58 

5 8 

11 

60 

440 

5 95 

2 36 

0 22 

4 6 

9 

60 

440 

5 25 

1 78 

-0 38 

2 5 

5 

60 

440 

4 2 

1.86 

1 

-0.96 

* 

1 

60 


* Brake removed. 


The brake arm is 2 ft long, and its tare weight is 1.3 lb. The two-wattmeter 
method is used. From the data in the table, compute the following: (a) torque; 
(6) percentage slip; (c) speed; (d) horsepower output; (c) effieiency; (/) power 
factor. Plot the data with horsepower as abscissas. Why does eflSciency increase 
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to a maximum and then decrease? Why docs power factor increase to a maximum 
with load and then decrease? From the two wattmeter readings, determine the 
power factor, using either Eq. (130) (p. 144) or Fig. 127 (p. 145). Compare these 
values with those obtained from dividing the total power by the volt-amperes. 

363. Using the approximate equivalent circuit, determine for the motor in the 
example on p. 340, at a slip of 0.045, the following quantities: (a) resistance that 
replaces load; (6) combined impedance of stator and rotor circuits in series; (c) 
current in stator and rotor; {d) motor output; (c) speed; (/) torque developed by 
rotor and torque at pulley; (f/) power transferred across air gap; (h) total motor 
current; (z) power factor; (j) motor power input; (k) efficiency. Friction and wind¬ 
age remain essentially unchanged. 

364. The constants of a 25-hp 3-phase 8-pole GO-cycle 220-volt wound-rotor 
induction motor with delta-connected stator and rotor are as follows (s<'e Fig. 288, 
p. 344): The ratio of rotor to stator turns is unity. At no-lozid, 220 volts, the cur¬ 
rent is 15.9 amp and the power 1,310 wzitts, of which 429 watts is friction and 
windage. The effective resistance per phase of stator and rotor, Ri — 0.172 ohm, 
R 2 = 0.1535 ohm. The stator and rotor reactance per phase, .Vi = A'> = 0.43 
ohm. Determine (n) energy current for core loss; (6) Oo; (c)/^o; (d) H (Fig. 288) 
for slip of 0.023; (c) /o; (/) stator current ii; {g) power across air gap; {h) power in 
resistance R] (z) output in watts and horsepow(*r \P' and IF loss to be subtracted 
from (^)]; (j) toniue; (A) input; (/) cfliciency; (w) power factor. 

366. Repeat Prob. 354 for slip of 0.015. 

366. In order to obtain data for the circle diagram, open-circuit and short- 
circuit tests are made on a 200-hp 3-phase 4-pol(* 1,775-rpm OO-cycle 2,200-volt 
squirrel-cage induction motor. The motor is dtOta-connected. WIk'ji operating 
at 2,200 volts without load, the input is 6,790 ^^atts, of which 4,7 10 is friction and 
windage, and the line current is 12.3 amp. '’rh(‘ voltage is reduciul to 517 volts, 
and with the rotor blocked the average instrument readings for thre(‘ ddTereiit 
positions of the rotor are as foliow^s: line curnmt, 54.8 amp; pow er, 16,250 k\v. The 
hot d-c resistance of the stator betw'een each pair of terminals is measured and 
found to be 1.835 ohm. 4’he ratio of effective to ohmic resistance in stator is 1.4. 
Use values per phase. Ref(*r to Fig. 289 (p. 344). 

Determine (a) no-load core loss; (h) value and phase angle of /o, excluding F 
and W loss, Fig. 289 (p. 344); (c) value and plmse position of //*; {d) center M of 
circle, and draw circle; (e) effective resistance of stator; (/) point G and line PG; 
line AE at rated (line) current of 47.0 amp; (h) motor input; (/) rotor current; (j) 
slip; (k) power across air gap; (/) internal torque; (w) torque (total) at pulley; 
(n) power factor; (o) efficiency; (/;) breakdown tonpie. 

367. Repeat (g) to (e), IVob. 356, at three-fourths ratezl current, 35.3 amp. 

368. Using the data of Prob. 356, determine (per phase) as in Prob. 354, h5g. 

288 (p. 344), Go, Ro, Ri, Xi, X 2 , as.suming A'l = A' 2 . At slip — 0.0165, determine 
(a) R = ^^.[(l - s)/s\; (h) rotor current /,; (c) 1]R\ {d) V'G,’ (r) V'R,; (/) (g) 

stator current /; {h) power input; (z) power across air gap; {j) internal torque; (A*) 
torque (total) at pulley; (/) power factor; (in) output; (?z) efficiency. 

QUESTIONS ON CHAPTER X 
Single-phase Motors 

1 . What factor suggests that both shunt and series direct-current motors 
might possibly be used with alternating current? Why is it not possible to use 
the shunt motor effectively with alternating current? What characteristic of the 
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series motor makes it possible for this type of motor to operate effectively with 
alternating current? 

2. In what way does the fie ld structure of an alternating-current series motor 
differ from that of the dire'ct-rurrent series motor? How does the number of series 
turns of the alternating-(‘urront motor compare with the number ordinarily used 
with the direct-current motor of corresponding rating? Why are the poles short 
and of comparatively large cross section? Why is the air gap short? Why is 
low frequency necessary? 

3. Why do(*s the alternating-current series motor have a large number of 
armature turns? (iiv(‘ two reasons why armature reaction must be compensated. 
Show two methods of coiiiu'cting the compensating winding. 

4. What commutating difficulty exists in the ^ilternating-current motor that 
is not present in the direct-current motor? What method has been used to reduce 
the short-circuit currents? Why do a-c series motors have a large number of 
poles as compared with a d-c motor of corresponding rating? Why is the number 
of commutator segments large? 

5. Show that during commutation thert' are two emfs in quadrature, which 
should be neutralized. ITow are the commutating poles connected to improve com¬ 
mutation? Show that they cannot give exact compensation under all conditions. 

6. Draw a vector diagram of the alternating-current series motor. How 
is speed controlled? Where is this type of motor used? 

7. What is the nature of th(‘ induc(*d emfs in a gramme-ring armature having 
a commutator, when the armature is placed in a single-phase field? What occurs 
when the brushes are in the plan<* of the geometrical neutral and are short-circuited ? 
When the brushes are jiarallel to the poh* axis and are short-circjuited? Why is no 
tor(jue developed in eith(‘r case? 

8 . Why is torque (l(*\'(*lop('d when the brush axis makes some angle greater 
than zero and less than 90"^ with the pole axis? How is the direction of rotation 
controlkHl? How may th(‘ field structure be wound so that the brushes may be 
left in the geometrical neutral? 

9. Why are repulsion motors made with uniform air gaps rather than with 
salient poles? What is the nature of the speed and torque curves of the repulsion 
motor? 

10. Show that a single-phase sinusoidal field can be replaced by two fields 
rotating around thi' air gap in opposite directions. Sketch the slip-torque curve 
due to each ot these two fields. How may the fact that the single-phase induction 
motor has no starting torque be explained by these curves? How do they explain 
the fact of the motor accelerating in the direction m which it is started? 

11. By nu'ans of a sketch, show the position of the rotor ampere-turns of a 
single-phas(' induction motor when the transformer currents alone are considered. 
Show the direction of the magnetic field that these ampere-turns produce. 

12. Show that a speed emf in time phase with the single-phase flux is produced 
by the rotation of the armature conductors. What flux is due to the current pro¬ 
duced by this spe(‘d emf, and what is its space position? Why do the combined 
effects of the transformer field and of the speed field produce a rotating magnetic 
field? ITow does this explain in part the operation of the single-phase induction 
motor? 

13. What is the approximate ratio of weight of single-phase to polyphase 
induction motors of the same ratings? How may a 3-phase induction motor be 
operated single-phase? What is often the cause of a polyphase motor’s overheat¬ 
ing when carrying its normal load? 
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14. Describe the manner in which the starting torque of a single-phase motor 
may be obtained by splitting the phase. What is the order of magnitude of this 
starting torque? How may the phase of motors with 3-phase windings be split by 
the use of inductance; by the use of capacitance? 

16. Describe the principle of the capacitor motor, stating its advantages. 
Show two different connections by which the starting torque is increased. Show 
a connection for reversing. Draw” the vector diagram for the motor. 

16. Discuss the operation of the shaded pole as a method of starting single¬ 
phase motors. How is the repulsion-motor principle utilized in starting the single¬ 
phase induction motor? What operation converts the motor from a repulsion 
motor to an induction motor? 

17. Upon what principle does the phase converter operate? Wliat advantage 
is derived by its use on railroad locomotives? Make a diagram of connections 
showing how the single-phase powder received at high voltage from the trolley is 
converted into low”-voltage 3-phase power for use in tlie motor of a locomotive. 

PROBLEMS ON CHAPTER X 
Single-phase Motors 

369. The data for a 500-hp 230-volt 25-cycle a-c series motor are as follow^s: 
volts, 230; frequency, 25 cycles. 


Amp . 

1,118 

1,222 

1,430 

1,596 

1,800 

2,024 

2,428 

Kw. 

248 

270 

312 

345 

389 

426 

498 

Torque, Ib-ft. 

1,040 I 

1,220 

1,590 

1,890 

2,320 

2,730 

3,490 

Speed, rpm. 

1,449 1 

1,346 

1,195 

1,107 

1,006 

935 

837 


Compute for each load the following, and plot as functions of horsepower out¬ 
put: power factor; torque; speed; efficiency. 

360. Near rated load the following are further data obtained for the a-c s('ries 
motor of Prob. 359: volts, 230; amperes, 2,024; volts across main field, 00.2; 
interpole volts, 15.1; interpole amperes, 1,050; interpole-shunt amper(*s, 502; main- 
field resistance, 0.00106 ohm; interpole resistance, 0.00219 ohm; compensating- 
field resistance, 0.00078 ohm; com pen satin g-field voltage, 10.75 volts; armature 
resistance, 0.00182 ohm, excluding brushes; brush loss, 8.9 kw; armature reactance, 
0.0043 ohm. Determine (a) total interpole-r/rcM?Y loss, including shunt; (b) 
effective resistance of interpole circuit; (c) brush resistance; (c/) total armature^ 
resistance, including brushes; (e) impedance of main fU'ld, interpolo circuit, com¬ 
pensating field; (f) reactance of main fadd, interpole circuit, compensating fadd; 
(g) vector diagram. Fig. 303 (p. 365); (h) power factor; (?) counter ernf. 

361. A 5-hp 230-volt 4-pole 60-cycle single-phase 1,725-rpm induction motor 
with repulsion-motor start is tested by means of a Prony brake. The brake arm 
is 2 ft, and the tare is -|-0.6 lb; volts, 230; frequency, 60 cycles. The data are as 
follows: 


Amp. 

36.0 

29 6 

24.0 

20.3 

16.3 

13.1 

10 9 

9 06 

Watts. 

6,960 

5,860 

4,810 

4,030 

3,120 

2,310 

1,550 

875 

Balance, lb. . 

11.05 

9.8 

8.0 

6 6 

5.1 

3.6 

2.1 

* 

Slip, rpm.... 

81 

65 

49 

36 

26 

16 

9 

4 


•Rrake removed. 
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Determine (a) torque; Q}) percentage slip; (c) rpm; (d) horsepower output; 
(e) efficiency; (/) power factor. Plot (a), ( 6 ), (c), (e), (/) with horsepower as 
abscissas, {g) At rated load, determine capacitance of capacitor that, if con¬ 
nected in parallel, would make power factor of system unity, {h) Determine power 
factor of system with capacitor of {g) connected in parallel, 3 hp output; (f) zero 
horsepower output. 

362. A 3l6-hp 1,700-rpm 115-volt GO-cj'^cle 4-pole capacitor motor is tested by 
means of a Prony brake, and the following data are obtained. The voltage and 
frequency are constant at 115 volts and 60 cycles. 


Amp . . . ! 

0 70 

0.76 

0 82 

0 91 

1 00 

1.17 

1 28 

1.47 

Watts input 

63 0 

71.5 

81.0 

93.0 

102.0 

117.0 

127.0 

145 

Torque, oz-in 

0 

8 8 

18.0 

30.0 

39.0 

51.1 

59.2 

69.0 

Slip, rpm . 

1 

30 

1 

50 

70 

no 

150 

230 

380 


Ck)mpute horsepower output, efficiency, and power factor, and plot efficiency, 
power factor, torcpie, percentage slip and amperes, as functions of horsepower. 
Indicate rated horsepower. 


QUESTIONS ON CHAPTER XI 
The Synchronous Motor 

1. (V)mpare the design of the alternator uith that of the synchronous motor. 

2. Sho^^ that at standstill the average tonpie of the single-phase synchronous 
mot(>r is zero and that, in order to develop a continuous torque, either the moving 
conductor or the moving pole must cover a distance (*qual to one pole pitch every 
half-cycle. What is the relation among speed, freciuency, and number of poles? 
How may a two-speed synchronous motor be o])tained? 

3. What reaction occurs in the d-c shunt motor that enables it to take 
more current ^^hen additional load is applied? Show that the reaction in the 
synchronous motor under similar conditions cannot be exactly the same as that of 
the .shunt motor. 

4. What is the first reaction that occurs when load is applied to any motor? 
What resulting reaction follows in the case of the synchronous motor? Show that 
the current taken by a synchronous motor when the angular position of the rotor 
is slightly retarded is mostly < ncrgij current. 

6. What are the reactions that follow an increase of the ('xcitation of a d-c 
shunt motor? Why cannot these same reactions occur in a synchronous motor? 

6. What t^^o reactions permit the synchronous motor to operate when its 
field current is increased above the normal value? Show that the magnitude of 
the emf induced in the armature can be greater than the terminal voltage. When 
the synchronous motor is overexcited, what must be th(‘ phase relation between its 
current and its t(*rminal voltage? Illustrate by a vector diagram. 

7. What ('ffect is noted when the held of a d-c shunt motor is weakened? Why 
cannot the same reactions occur when the held of the synchronous motor is 
vreake»ned ? 

8 . What is the effect of a lagging current on the field of a synchronous motor? 
on the relation of the induced to terminal voltage? Make a vector diagram for 
the motor when operating underexcited. 

9 . What magnetic reaction enables the synchronous motor to operate even 
without d-c excitation? Whence does it obtain its excitation under these con¬ 
ditions? 
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10. By means of a vector diagram show that so far as armature reaction is con¬ 
cerned, a leading current in a synchronous motor has the same effect as a lagging 
current in a synchronous generator. Repeat for a lagging current in the motor 
and a leading current in the generator. 

11. Analyze the reactions that occur in a constant-potential system when a 
surplus of excitation is fed into it at some point, as by overexcitation of a syn¬ 
chronous motor. Analyze the reactions that occur when a deficiency of excitation 
exists at some point, as when a synchronous motor is underexcited. 

12. Analyze the pulling into synchronism and the operation of the synchronous 
motor without d-c excitation, by means of the interlocking action of the rotating 
field of the stator and the field poles of the rotor. 

15. Draw the synchronous-motor vector diagram for both leading and lagging 
current. Derive the trigonometric solution of tlu'se diagrams. Show how the 
vector relations may also be determined by means of complex notation. 

14. Sketch a synchronous-motor V-curve. Show the point of unity power 
factor, the region of lagging current, and the region of h'ading current. Sketch 
another V-curve in whicli the power is twice that given by tlie original curve. 
How is the position of this curve determined? What is meant by normal excitation 
and how does this vary with the motor load? Show that the power factor for each 
condition of operation may be flet(»rmined dirc'ctly from the V-curves. 

16. Draw the synchronous-motor excitation diagram for two difft'reiit values 
of excitation, but at constant power input. Show the m(‘thod of obtaining four 
points on the V-curve, provided that the saturation curve is available. 

16. Give two reasons for building s(piirrel-cage, or amortissrur, windings about 
the poles of a synchronous motor. Analyze the rea(*tions by whi(*h an amortisseur 
winding stabilizes the operation of the synchronous motor. 

17. Describe the method of starting a synchronous motor by means of an 
auxiliary motor. What typ(\s of motor are used for this purpose'? What are the 
objections to their use? 

18. What is th(' sequence of operations in starting a synchronous motor by 
means of its d-c generator? What objection is there to starting a imjtor in this 
way? 

19. By what process may the synchronous motor start itself? Why is a com¬ 
pensator or some other voltag(‘-reducing device* use*d? Of what eirder eif magnituele 
is the starting torque in the normal motor? When should the d-c fielel e*ircuit be 
closed ? 

20. Analyze clos(*ly the method by which the synchronous motor, wtu'n starting 
as an induction motor, is able to pull into synchronism ewen without d-c excitation. 

21. What happens at the time of closing the fie'ld switch if the* d-c excitation 
opposes the field built up by armature reaction? What shoulel be the position of 
the starting device when the field switch is closed, and why? 

22. How may correct polarity of the field poles be ensured so that little or no 
disturbance results when the field switch is closed? 

23. Why is it necessary to insulate the field coils of a synchronous motor for a 
voltage several times the normal operating voltage? How may the ernf induced in 
the field circuit be reduced? 

24. Discuss the following methods of developing high starting torque: (a) 
high-resistance dampers; (h) synchronous-induction motor; (c) phase-connected 
dampers; (d) clutches. 

26. What is the distinction between the synchronous condenser and the syn¬ 
chronous motor? Why are synchronous condensers often installed at various 
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points of power systems? What is the distinct advantage of using a synchronous- 
motor drive under certain conditions? 

26. What is meant by the kilowatt and the kilovar methods for determining 
synchronous-motor ratings? 

27. Show by a vector diagram how it is possible to control the voltage at 
some point on a system by means of a synchronous motor or synchronous con¬ 
denser. What condition is necessary in order that the voltage at the motor may 
be raised to a value higher than that of the rest of the system? What degree of 
excitation is necessary in order that the voltage may be raised? Sketch the con¬ 
nections of a motor togethiT wilh the necessary instruments for making tests 
when the motor is used as a voltage-controlling device. 

28. Discuss single-phase s>Tiehronous motors and their fields of application. 

29. What are th(' advantages of the polyphase synchronous motor over the 
polyphase induction motor? What are its disadvantages? Enumerate some of 
the industrial applications of the synchronous motor, stating the reasons for its 

US(*S. 

30. Why are synchronous motors well adapted to ship propulsion? Make 
a typical diagram of connections stating why a variable-voltage exciter is desirable, 
(live the sequence of operations in starting ahead; in running ahead; in starting 
and running astern. 

31. Describe th(' frequency clianger and its function in a power system. What 
difficulty occurs whim it is b(*ing synchronized to two systems? How may the 
load be controlled? 

32. Describe the construction and operation of a subsynchronous motor. 
On what principle does the Warren clock motor operate? Describe the construc¬ 
tion and operation of the Holtz self-starting sub.svnchronous motor. 

33. What is a sdsyn, and vhat an* its functions. Describe the method of 
operation of one type. 


PROBLEMS ON CHAPTER XI 
The Synchronous Motor 

(Problems marked * may be solved trigonometrically and with complex 
quantities ) 

363. Determine the speeds in rpm of the follo\\iiig synchronous motors: (a) 
25-cycle, 4-pole; (h) (iO-cycle, 14-pole; 00-cycle, 14-pole; (c) 50-cycle, 56-pole; 
(d) l()2.^-cycle, 12-pole, (c) Compute the rated-load torques in (6), if the 14-pole 
motor is rated at 300 hp and the 44-pole at 1,250 hp. 

364. When a 500-hp 16-pole 2,300-volt 60-cycle 3-phase Y-connected synchro¬ 
nous motor is running at no-load, its counter emf is practically equal in magnitude 
to and is in phase with its terminal voltage. If load is applied to the rotating-field 
structure, its angular position is retarded 1.1 mechanical space degrees. Deter¬ 
mine (a) resultant emf per coil; (h) current per phase if armature impedance is 
4.0 ohms per phase, (c) Draw an approximate vector diagram. Neglect armature 
resistance and flux distortion caused by armature reaction. 

366. Through how many space degree's must the rotor of Prob. 364 be retarded 
in order that the motor may take 100 amp? 

*366. A 15-kva 230-volt 6-pole 60-cycle 3-phase Y-connected imity-power- 
factor synchronous motor has the following constants: effei'tive armature resistance 
per coil, 0.15 ohm; armature leakage reactance per coil, 1.2 ohms. Determine 
counter emf of motor at rated current (unity-power-factor current) (a) when power 



676 


ALTEBNATim CURRENTS 


factor is unity; (6) when power factor is 0.80, lagging current; (c) when power 
factor is 0.80, leading current, (d) Draw vector diagram. 

367. In Prob. 366, the friction and windage loss at rated speed is 250 watts; 
the field current at rated load, unity power factor, is 5.8 amp at 120 volts; the core 
loss is 500 watts. Determine (a) efficiency at rated load and unity power factor; 
(b) torque at pulley. 

868 . In Prob. 366, at 0.8 power factor, leading current, the field current is 
7.2 amp at 120 volts, and the core loss is 640 watts. Determine (a) efficiency at 
rated kva; (b) torque at pulley. 

*369. The constants of an 0.8-power-factor^ 2,300-volt 60-cycle 16-pole 
3-phase Y-connected 800-hp synchronous motor are as follows: leakage* reactance 
per phase, 0.86 ohm; effective resistance per phase, 0.19 ohm. The efficiency at 
rated output and unity power factor is 0.944, exclusive of field loss. Determine (u) 
current iit rated output and unity power factor; (h) counter emf under conditions 
of (a); (c) counter emf at 0.8 power factor and 200 amp, leading current, (d) 
Draw vector diagram. 

*370. In Prob. 369, determine the counter emf at 0.75 power factor, lagging 
current, and rated kva. A.ssume the same efficiency. 

371. In Prob. 369, the field current at unity power factor is 7.28 amp at 125 
volts and at 0.8 power factor, h'ading current, is 9.1 amp. Tlie friction and wind¬ 
age loss is 8 kw. The core losses at unity power factor and at 0.8 power factor, 
200 amp leading current, are 13.2 and 14.8 kw. Determine over-all efficiency at 
(a) rated load and unity power factor; (h) at 0.80 power factor and 200 amj), lead¬ 
ing current, (c) Determine torque at pulley in (a) and (b). 

*872. The leakage reactance of a 2,500-hp 13,200-volt 3-phasc Y-connected 
60-cycle 0.8-powcr-factor synchronous motor is 9.1 ohms per phase (to mmtral), 
and the effective resistance is 1.4 ohms per phase (to neutral). D(*termine (a) 
current at rated output and unity power factor, if (’fficieiicy exclusive of field loss 
is 0.94; (b) rated current at full kva rating if efficiency exclusive of field loss is 
0.927; (c) induced ernf at rated load and unity power factor; (d) induced emf at 
rated kva rating (0.8 power factor), leading current; (c) leading kilovars in (d). 

*373. In Prob. 372, the synchronous reactance per phase is 27 ohms. Dctermim* 
excitation voltage under conditions of (a) rated current, unity power factor; (b) 
rated current at 0.8 power factor as in (d), Prob. 372. 

374. Figure 374A gives four V-curves of a 400-hp 2,200-volt 60-cycle 
connected 3-phase, 0.8-power-factor synchronous motor. Ileplot th(‘ four charac¬ 
teristics and draw the locus of unity power factor and the loci for 0.8 power factor, 
lagging and heading current. The motor is operating at rat(*d kw load and at the 
same time is neutralizing 150 lagging kilovars. At what value of field curnait is it 
operating? 

*376. The motor of Prob. 374 is rated on the 0.8-power-factor basis and 
its efficiency, exclusive of field loss, is 0.93. Accordingly, its kva rating is 

(400 • 746) 

1(0.8 0.93) • 1,000]* 

How many lagging kilovars can the motor neutralize when carrying its rated kilo¬ 
watt load and yet not exceed its kva rating? At what value of field current is it 
operating? 

* Motor designed to operate at 0.8 power factor and deliver rated power output. 
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*876. The motor of Prob. 374 is operating at its rated kilowatt load and at 0.8 
power factor, loading current, when connected in parallel with a load that is 
taking 480 kw at 0.8 power factor, lagging current. Determine (a) power factor 
of system. (6) With field current in (a) remaining fixed, the kilowatt load taken 
by the synchronous motor increases 50 per cent for a short time. Determine power 
factor of system under these conditions. 



377. The motor of Prob. 374 is operating at constant field current of 18 amp. 
An induction-motor load of 250 kw at 0.70 power factor is connected in parallel. 
Plot power factor of system as load on synchronous motor varies from no-load to 
D 2 rated load. 

*378. A 50()-hp squirr(‘l-cage induction motor o])erating at rated load is con¬ 
nected in parallel with the synchronous motor of Prob. 374. The efficiency of the 
squirrel-cage motor is 0.94, and its pow’^er factor is 0.88. Determine system power 
factor when synchronous motor is operating at rated kva, leading current, and 
carrying full power load. 

*379. Pepeat Prob. 378 Avith the s^mchronous motor operating at no-load but 
at rated kva load. 

*380. The motor of Prob. 374 is connected in parallel with a 400-kw^ load, the 
power factor of wiiich is 0 6, lagging current. Determine system pow er factor and 
field excitation w^hen motor operates at its rated kva, leading current, but at no 
load, one-half rated, and rated power load. 

*381. In the motor of Prob. 374, the synchronous reactance is 3.77 ohms per 
phase, and the effective resistance 0.22 ohm (to neutral). At rated load and 20 
amp field excitation, determine the excitation voltage. (This is a point on the 
saturation curve.) 

*382. Repeat Prob. 381 for 6 amp field excitation. 

383. The following data are given for the saturation curve of a 1,000-hp 
2,300-volt 3-phase 60-cyclc Y-conneeted synchronous motor. 
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Field amp. 

0.6 

20 

35 

50 

65 

75 

90 

105 

130 

Terminal emf, kv. 

0.06 

1.09 

1.82 

2.33 

2.68 

2.86 

3.07 

3.23 

3.36 



The rated load efficiency, exclusive of field loss, is 0.95. One-half load, etc., 
may be taken in terms of rated load input. The no-load loss, including core loss 
and friction and windage, is 20 kw. The effective resistance per phase to neutral 
is 0.11 ohm, and the synchronous reactance is 1.64 ohms per phase to neutral. 
IJmploying an emf diagram like that shown in Fig. 335 (p. 402), plot V-curves of 
the motor at 1 ’ 2 rated, rated, ^ 2 rated, and no-load. The current should be carried 
up to 300 amp or as far as saturation permits. It simplifies plotting if the V-curves 
are drawn on the same sheet as the saturation curve. Scah‘s of 400 volts and 40 
amp (armature) and 20 amp (field) to the inch give good proportions. 

384 . Determine the total efficiency of the motor of Prob. 383 at rated kilowatt 
load, 0.8 power factor, leading current, assuming that the rotational loss remains 
unchanged. The motor field is excited at 125 volts. 

* 385 . Determine the excitation emf under the conditions of Prob. 384, and 
compare with value obtained in computing V-cnrve. 

* 386 . A manufacturing plant takes 450 kw at 2,300 volts, 3-phase, 60 cycles, 
at a power factor of 0.6, lagging current. Determine kva rating of a synchronous 
condenser necessary to bring system power factor to (a) unity; (5) 0.9, lagging 
current. Neglect loss in synchronous condenser. 

* 387 . In Prob. 386, determine power factor at which the system operates if a 
synchronous condenser of 250 kva rating, operating no-load at its rated kva with 
leading current, is connected in parallel with load. Neglect synchronous-condens(*r 
losses. 

* 388 . In Prob. 386, an 0.80-power-factor synchronous motor, having a powcT 
rating of 300 kw, or 375 kva. is connected in parallel with load. Determine system 
power factor when this motor is operating at its rated kilowatt and kva load with 
leading current. 

* 389 . In Prob. 386, determine kva rating of a synchroiunis motor capable of 
taking 200 kw (in addition to the 450 kw of plant load) and at the same time hav¬ 
ing sufficient kva rating to make system power factor unity. (Note large kva 
rating as compared with load kilowatts.) 

* 390 . Repeat Prob. 389 except that the motor is to raise system powder factor 
to 0.9 lagging current. 

*391. An industrial load consi.sts of 

1-50-hp induction motor; load, 30 hp; efficiency, 0.86; P.F., 0.70. 

1- 100-hp induction motor; load, 75 hp; efficiency, 0.89; P.F., 0.80. 

2- 15-hp induction motors; load, 15 hp (total); efficiency, 0.82; P.F., 0.70. 

1-300-hp induction motor; load, 310 hp; efficiency, 0.92; P.F., 0.85. 

Lighting load, 33 kw. 

Synchronous motor (to be added), 300 hp, 0.80 P.F., leading current; load, 
300 hp; efficiency, 0.925, exclusive of field loss. 

Determine for load, over-all, (a) kilow^atts; (h) kva; (c) kilovars; (d) pow'er factor 

QUESTIONS ON CHAPTER XII 
The Synchronous Converter 

1. State some of the applications of electrical energy in which it is impossible 
to employ alternating current. 
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2 . Name the types of rotating machinery that may be used for converting 
alternating to direct current on a large scale. Name the disadvantages of each 
type of apparatus. What factors are favorable to the use of the converter? 

3 . Name the machines whose principles are embodied in the synchronous 
converter. Just how is the converter armature connected? How is power sup¬ 
plied to the ordinary converter armature? What power is taken from the arma¬ 
ture? Name the different types of familiar machines for which the converter 
may be used. 

4 . Under what operating conditions is the synchronous converter called direct? 
inverted? 

6 . Indicate the points at which the slip-ring taps connect to the winding in a 
3-phase 2-pole converter and a 3-phase 4-pole converter. How many taps will an 
8-pole 6-pha&e converter have? What special restriction, not necessary with the 
ordinary d-c winding, is imposed on the converter winding? Why? 

6. Compare the number of active conductors between brushes with the num- 
lier between slip-ring taps in the single-phase converter. IIow is the resulting 
emf between direct-current brushes obtained? between slip-ring taps? What is 
the relation between the two? 

7 . Show- by a circle and an inscribed polygon the method of adding the 
individual inductor voltages of the converter. Indicate the method of obtaining 
(a) single-phase voltage; (h) 3-phase voltage; (r) 4-phas(‘ voltage; (d) (i-phase 
voltage. 

8. Knowing the voltage relations in a converter armature, derive the ratio of 
the direct current to the alternating current per l(‘rminal in {a) single-phase co»- 
verter; {h) 3-phase converter; (c) 4-phase converter; (d) b-phase converter. 

9. Sketch the variation of the direct current in a single conductor midway 
between slip-ring taps, as the conductor takes successive positions in its rotation 
Sketch the alternating current in the same conductor for corresponding positions 
when the curn'nt is in phase with the no-load emf. Find the resultant current for 
each position of the conductor. 

10 . Repeat Question 9 for a conductor at one of the slip-ring taps. 

11. Repeat Question 10 for a power factor considerably less than unity. What 
is the effect on the resultant current curve of increasing the number of phases? 

12 . Why does increasing the number of phases materially increase the rating 
of a converter? Why does the efficiency of a converter decrease more rapidly with 
a decrease in power factor than is the case in most other types of apparatus? 

13 . Compare commutation m a converter when operating as such and when 
operating as a d-c generator carrying the same load. Why docs the materially 
increased armature current resulting from the converter operating at low’ power 
factors have little distorting ('ffect on the main field? What is its effect on 
commutat ion? 

14 . Why are commutating poles desirable in synchronous converters, even 
though the main field is not distorted to any considerable extent by armature 
reaction? 

16 . Why are the voltage ratios in a converter nearly constant under operating 
conditions? Why is it possible to modify the ratio of the direct to the alternating 
voltage by a small amount by changing the excitation? 

16 . Explain how a series reactance may be used to control the d-c voltage. 
When may a separate reactance be omitted? State the disadvantages of this 
method of voltage control. Explain how a compound winding tends to maintain 
the d-c voltage. 
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17 . Explain the use of the induction regulator as a means of controlling the 
d-c voltage. What is the objection to the use of the regulator? 

18 . WTiat are the advantages and disadvantages over the regulator of using 
transformer taps for regulating the voltage? 

19 . Explain the operation of the series booster. What are its advantages and 
disadvantages? Why is an auxiliary winding on the iriterpole necessary when a 
booster is used? 

20 . Explain the underlying principle of the split-pole method of control. 

21 . Describe the determination of efficiency of a synchronous converter by (a) 
measurement of input and output; (6) measurement of losses. 

22 . Sketch a diagram of connections, including all instruments, that would be 
used in determining the various characteristics of the converter. What character¬ 
istics is it instructive to determine? How should they be plotted? 

23 . Why are transformers almost always nt'cessary with synchronous con¬ 
verters? Sketch the connections of the 6-phas(‘-star secondary connection, 
showing the primaries in either Y or delta. Indicate the voltage at each point in 
the system, assuming 230 volts between the 3-phase lines on th(» primary side and 
230 volts across the d-c brushes. What is the advantage of this system? 

24 . Repeat Question 23 for the double-delta coniu'ction of secondaries. 

25 . How does the rating of a synchronous converter, when operating inverted, 
compare with its rating when operating direct? Why? How do the speed rela¬ 
tions in the two cases compare? Show by careful analysis the sequences of reac¬ 
tions that may cause an inverted converter to race. What means are used to 
prevent racing? 

26 . By what reactions does a synchronous-convt*rter armature start rotating 
when polyphase currents are supplied to its slip rings? W hat is a field-sectionaliz- 
ing switch, and what should be its position when starting th(‘ converter from the 
a-c side? Why is it necessary to open the series-field shunt and any series-field 
short-circuiting switches? In starting, why do(\s sparking take place under th(‘ 
brushes even with no d-c load? Why are brush-lifting device's fretiut'iitly neces¬ 
sary, particularly when intc'rpoles are used? 

27 . How does the armature pull into synchronism? What effects occur if 
the shunt-field current opposes the field built up by armature rc'action? How 
may the continual “slipping” of a pole be stopped? 

28 . Describe two methods by which the d-c polarity may be reversed, if 
necessary. 

29 . Show that the speed of rotation in space of the field produced by the 
armature currents becomes less and less during starting, as the armature speed 
approaches synchronism. How does this affect commutation? Describe the 
behavior of a d-c voltmeter connected across the brushes during the starting period. 
When should the field switch be closed? 

30 . How may the armature be induced to build up the field poles to the right 
polarity and so ensure the correct d-c polarity at the brushes when the field switch 
is first closed? 

31 . Describe briefly the procedure of starting a synchronous converter by 
means of an auxiliary machine. 

32 . Give the connections of both the shunt-field and the series-field circuits of 
a synchronous converter when it is started from the d-c side. Why should the 
switch between the transformer secondaries and the slip rings b(' opened during the 
starting period? What difficulty is encountered in synchroniziiig? 
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88 . Discuss the operation of synchronous converters in parallel. How many 
equalizers are required? How are the loads between machines adjusted? Why 
is it preferable that each converter have its own transformer bank? 

84 . Why may synchronous converters operating in parallel show a tendency to 
run away under some circumstances? Describe methods that are used to prevent 
synchronous converters from thus running away. 

86 . What is the principle by whi(*h a neutral is obtained in the 3-wire converter? 
Why is it undesirable to use three single secondaries connected in Y when obtain¬ 
ing a neutral? How may a Y-connection be used and at the same time d-c mag¬ 
netization of the core bo prevented? 

86 . Sketch the complete connections of a 3-wire, 6-phase synchronous converter 
having two scries fields, where the transformer secondaries are connected 6-phase 
star. 

PROBLEMS ON CHAPTER XII 
The Synchronous Converter 

392 . A 500-kw 60-cycle 6-slip-ring synchronous converter delivers direct current 
at 440 volts. At unity power factor, determine (a) diametrical a-c voltage of 
armature; (h) voltage' between adjacent slip-ring taps; (r) voltage Ix'tween alter¬ 
nate slip-ring taps; (d) rated d-c current; (c) rated a-c current per slip ring. 
Neglect all losses. 

393 . A 200-kw 3-i)hase synchronous converter, rated at 0.9 power factor, is 
to be op(*rated through transformers from a 2,200-v()lt 60-cycle system and is to 
deliver d-c power at 230 volts. The three transforiiK'rs are coniu'ct^d delta-Y. 
Determine (a) rated d-c current; (h) rated a-c current per slip ring; (c) rated slip¬ 
ring voltage; (d) rated secondary voltage and current of each transformer; (e) 
rated primary voltage and current of each transformer; (/) kva rating of each 
transformer. N('gl(‘et v(>ltng(‘ drops and losses, (f/) Draw diagram of connec¬ 
tions, showing all voltages and currents. 

394 . A l,0()0-kw' 600-volt synchronous converter is to take power through 

transformers from a 13,000-volt 25-cycle 3-phase system. The transformers arc 
connected delta-diametrical (p. t to). At unity power factor, the converter and 
transfoniH'r efficiencies are 0.95S and 0.986. .\t unity power factor and rated d-c 

output, determine (a) d-c rating of converter; {b) alternating current per slip ring; 
(c) rating in kva, ampc'res, and volts of transformer secondaries; (d) power input, 
current, and voltage of each transformer primary, (c) Draw' a diagram of con¬ 
nections showing all voltages and currents. Neglect voltage drops. 

396 . In Prob. 394, repeat («) to (/) with the converter operating at 0.9 powrer 
factor, leading current. The converter and transformer efficiencies are now 
0.944 and 0.982. I'se table (p. 437) to determine rated output of converter operat¬ 
ing at 0.9 pow'cr factor. 

396 . A 300-kw' 600-volt 60-cycle 6-ring 3-phase synchronous converter oper¬ 
ates 3-phase at unity pow'cr factor and takes power through delta-Y-connected 
transformers from a 2,300-volt 60-cycle 3-phase system. The efficiencies of the 
converter and transformers are 0.940 and 0.984. Determine (a) d-c rating of con¬ 
vertor operating 3-phase (see p. 437); {b) alternating current per slip ring; (c) 
rating of each transformer secondary in kva, volts, and amperes; (d) rating of 
each transformer primary in kva, volts, and amperes, (c) Draw diagram of con¬ 
nections, showing all currents and voltages. Neglect voltage drops. 

897 . Assume the converter of Prob. 396 to be operating 6-phase, unity power 
factor, and 300-kw rating. Its efficiency is now 0.945, and the transformer effi- 



682 


ALTERNATING CURRENTS 


ciencies remain unchanged. The transformers are connected delta~&-phase-star. 
Repeat (a) to (c), Prob. 396. 

398 . A 500-kw 75(>-rpin 4-phase synchronous converter is rated at 600 volts d-c 
and operates through transformers from a 2,300-volt diametrical 25-cycle 4-phase 
circuit. The transformers are connected with their primaries in mesh and their 
two secondaries diametrical. At its rated load and unity power factor, the effi¬ 
ciency of the converter is 0.944, and that of each transformer is 0.979. At rated 
load and unity power factor, determine (a) diametrical slip-ring voltages; (b) volt¬ 
ages across adjacent 4-phase wires (or slip rings); (c) ratios of primary to secondary 
voltages in transformers; (d) current per slip ring; (c) current in each transformer 
primary; (/) line current, (g) Draw diagram of connections, showing all voltages 
and currents. Neglect voltage drops. 

399 . Repeat Prob. 398 with transformers each of whose primaries is designed 
to be connected diametrically across each of the two phases of the 2-phase system. 

400 . A 2,250-kw 25-cycle 500-rpm 230-volt synchronous converter is designed 
to supply a 3-wire d-c sj’stem. The transformers are connected delta-6-phase-star 
and receive power at 27,600 volts, 3-phase. The converter has a full-load efficiency 
of 0.944, and the transformers have full-load efficiiuicies of 0.984. The power 
factor is unity. Determine (a) direct current; (h) diametrical slip-ring voltage; 
(c) slip-ring voltage to neutral; (d) 6-phase shp-ring voltage; (r) current per slip 
ring; (/) primary current per transformer; (g) incoming line current, (h) Draw 
diagram of connections showing all voltages and currents and method of obtaining 
d-c neutral. Neglect voltage drops, 

401 . Irf a system with a converter similar to that of Prob. 400 the transformer 
ratios are selected so that the no-load voltage of th(‘ converter is 250 volts, m order 
to allow for voltage drop through th(» transformers and con vert (*r armature. The 
transformers are connected V-6-phase-star. With the same currents and effi¬ 
ciencies determine (a) to (h) Prob. 400. 

QUESTIONS ON CHAPTER XIII 
Transmission of Power by Alternating Current 

1. Why is alternating current particularly well adapted for transmitting 
power over considerable distances? What difficulties are encount(*red when 
direct current is similarly used? 

2 . State the advantages of polyphase transmission. Which of the polyphase 
systems is most commonly used, and why? Under wliat conditions is single¬ 
phase occasionally used? 

3 . Why are 6,600- ami 13,200-volt generators commonly used wlien the 
transmission voltage is high? What rough liasis can be used for determining the 
transmission voltage? What economic considerations are involved in determining 
this voltage? 

4 . Give the principal links in a power system that distributes power to large 
and small consumers located at a considerable distance from the point of gener¬ 
ation of power. State the considerations that govern the selection of each of 
these links. 

5. Why are the voltages ordinarily selected for power and for lighting pur¬ 
poses usually different? Why should the secondaries of lighting transformers be 
grounded? 

6. Name the various types of apparatus that may be installed in a substation, 
giving the type of service that each supplies. 
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7. Make a sketch of the magnetic field existing between the two parallel 
conductors of a single-phase transmission line. What effect does this field have 
on the operation of the line? 

8* On what two factors docs the inductance of such a line depend? Dis¬ 
tinguish between the inductance of the circuit loop and that of a single conductor. 

9. Sketch the magnetic field that may exist at some particular instant in the 
region between the three conductors of a 3-phasc transmission line, the conductors 
being symmetricaly spaced. What is the general nature of the field existing in this 
region, and what is its effect on the operation of the transmission system? 

10. On what three factors does the reactance per conductor of a 3-phase 
system depend? 

11 . Sketch the electrostatic field that exists between the two conductors of a 
single-phase transmission system. On what two factors does the capacitance 
existing between two such conductors depend? 

12. Show that a thin, fictitious plane may be inserted midway between two 
parallel wires and perpendicular to their plane without disturbing the electrostatic 
field between these conductors. With this as a basis, rt‘place the capacitance 
between conductors by two series-connected capacitors. What is the ratio of the 
capacitance of each of the capacitors to the capacitance between the line conductors? 

13. Replace the actual capacitance that exists between symmetrically spaced 
d-phase conductors by two diffenmt arrangements of capacitors. Which of these 
two arrangements is ordinarily used in making line calculations, and why? 

14. What close approximation as to wire spacing may be used in a 3-phase 
system when transmission conductors are not located at the apexes of an equi¬ 
lateral triangle? 

16. State some of the advantages of splitting a smgle-phase transmission line 
along a fictitious neutral and using the quantities to neutral when computing the 
line characteristics. 

16. Why may the ground be considered as having no resistance and no induct¬ 
ance, although actually such is not the case? 

17. Given the line resistance and reactance and the receiver voltage, current, 
and power factor, show by means of a vector diagram the method of obtaining 
the voltage at the sending end of the line. Derive the complex equation which 
gives the solution of such lines. 

18. Show that a 3-phaso line may be split into three single lines, any one of 
which may be used for purposes of calculation. Why may the ground be con¬ 
sidered as having zero resistance and zero reactance under these conditions? 

19. How is the capacitance of a line actually distributed? For purposes of 
calculation, how may this total capacitance be considered as being distributed 
if the line is not too long? What effect does the current taken by each capacitor 
have on the line behavior? on the current input at the sending end? 

20. Derive the equation that gives by complex quantities the solution of 
transmission lines having considerable capacitance, and draw the corresponding 
vector diagram. 

21. Give the equations for very high-voltage transmission lines, taking into con¬ 
sideration their distributed capacitance. Show that the hyperbolic functions may 
be expanded to give four generalized equations. 

22. What is the general nature of coronaf Upon what factors does its appear¬ 
ance depend? On what parts of a conductor does it first appear? What is meant 
by effective disruptive critical voltage to neutral? How does corona loss vary 
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with increase in voltage above the critical value? How may corona loss in trans¬ 
mission lines be minimized? 

23 . Describe the accumulation of charge by clouds and the factors that result 
in lightning discharge. What is the order of magnitude of the time of a lightning 
discharge? Describe the effects of traveling waves initiated by lightning. 

24 . Discuss the protection of lines by ground wires. Enumerate the char¬ 
acteristics that are necessary to successful lightning arresters. 

26 . Describe briefly the following types of arrester: (a) horn gap; (6) oxide 
film; (c) pellet type; (d) autovalve; (c) thyrite; (/) protector tube. ^ 

26 . What general rule should be followed in connecting lightning arresters to a 
system? 

27 . State the advantages of pin-type insulators for low and moderate voltages. 
What are their limitations at the liigher voltages? What materials are used for 
these insulators, and what are their relative advantages and disadvantages? 
Why are the larger units made up in sections? 

28 . In what manner does the suspension type of insulator support the line 
conductor? What are the advantages of this type of insulator over the pin type? 

29 . Under what conditions are vrooden poles employed as line supports? 
steel poles? steel tow<*rs? Compare steel towers and steel poles. 

30 . mat is meant by jlvxxble-tower construction? Under what conditions 
are flexible towers used, and what are their advantages? 

31 . What is the function of the substation? Sketch roughly the connections 
of a transformer substation. 

32 . Make a sketch showing how a 230/115-volt 3-\Nire secondary system is 
obtained from a 2,300-volt primary sujiply Why is the secondary neutral 
grounded ? 

33 . For what types of load is the 20H/120-volt 3-phase lo\\-voltage network 
well adapted? What are its economies over other d-c and a-c distribution 
systems? Make a sketch of a typical system, showing where the different types 
of load are connected. 

34 . By what types of apparatus is direct curr(*nt obtained from alternating- 
current supply? Compare the advantages an<l disadvantage's of the different 
types, 

36 . Describe the method by w'hich the oil circuit breaker interrupts an alter¬ 
nating current at high voltage. 

36 . Why is it difficult to interrupt high-voltage direct currents wdth oil circuit 
breakers? 

37 . Describe the construction and method of operation of {a) a typical oil cir¬ 
cuit breaker; (5) the de-ion circuit breaker. 

38 . What are the economic necessities that have developed the outdoor sub¬ 
station? In what way docs the apparatus for such a station differ from that of an 
indoor station? 

PROBLEMS ON CHAPTER XIII 
Transmission of Power by Alternating Current 

(Problems marked * may be solved both trigonometrically and with complex 
quantities.) 

402 . A single-phase distribution circuit 12,000 ft long consists of two No. 000 
AWG solid copper wires, the diameters of wdiich are 0.410 in. and the resistances 
of which are 0.0727 ohm per 1,000 ft at 65°C. Determine (a) loop inductance 
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when the wires are spaced 10 in. between centers; (6) loop inductance when the 
spacing is 24 in,; (c) 60-cycle reactance in (a); (d) 25-cycle reactance in (6). 

408 . In Prob. 402, determine {a) 25- and 60-cycle impedances with 20-m. 
spacing; (6) 25- and 60-cycle impedances with 24-in. spacing; (c) impedance drops 
in (a) when current is 150 amp.; (d) impedance drops in (5) when current is 150 
amp. In (c) and (d), draw vector diagrams of impedance drops with current as axis 
of reference, showing two components of voltage drop. 

404 . A 66,000-volt singU'-phase line consists of two No. 000 AWG solid copper 
wires, the diameters of which are 0.410 in. The wires are spaced 10 ft on centers. 
Determine (ul capacitance per mile; (6) capacitance to neutral; (c) charging cur¬ 
rent per 100 miles if the frequency is 50 cycles per sec. 

* 406 . A single-phase load of 160 kw, unity power factor, is delivered at 2,200 
volts, 60 cycles, over a 2-wire single-phase line, 5,000 ft long, consisting of No. 0 
AWG solid copper conductors spaced 12 in. on centers. The resistance is 0.10 
ohm per 1,000 ft. Determine (u) loop resistance of line; (5) loop reactance; 
(e) perc(Mitage resistance drop; (d) percentage reactance drop; (c) sending-end 
voltage; (/) line loss; {g) efficiency. 

* 406 . Itepivit Prob. 405 with a 160-kw 0.8-power-factor load, current lagging. 

* 407 . A 15-miIe single-phase 13,200-volt (at load) CO-cycle distribution line 
consists of solid No. 000 AWG copper conductor spaced 24 in. between centers. 
The re'sistance jier mile is 0.384 ohm. The load is 2,400 kw at unity power factor. 
Determine (u) loop reactaiu'c of line; (5) impedance of line; (c) current; (d) per¬ 
centage resistance drop; (c) iiercentagc' reactance drop; (/) sending-end voltage; 
{g) line loss; (h) (‘fficii'iicy. (/) Draw vector liagram. 

* 408 . If th(* load of Prob. 407 is 2,400 kw, 0.8 power factor, lagging current, 
determine (</) percentage resistance drop; (5) per(‘entage reactance drop; (c) 
sending-end voltage*; (d) liiu* loss; (0 efficiency. (/) Draw vector diagram. 

* 409 . A single-phase 20-inile line with 26,000 volts, 25 cycles, at the load 
consists of No. 0 AWG .stranded copper conductors spaced 3 ft on centers and 
delivers 4,000 kw, unity power factor. Determine (a) current; (b) resistance per 
conductor (.\ppendix H, p. 612); (r) reactance per conductor (Appendix J, p. 614); 
(d) percentage ri'sistance drop; (c) percentage reactance drop; (/) sending-end 
voltage to neutral, using (b) and (r); (g) line loss; (k) efficiency. 

* 410 . In Prob. 409, with the load 3,600 kw, 0.8 power factor, lagging current, 
determine (a) current; (b) percentage re.si.stanee drop; (r) percentage reactance 
drop; (d) sending-end voltage to neutral; (c) line loss; (/) efficiency. 

* 411 . In Prob. 410, with the load 3,600 kw, 0.9 power factor, leading current, 
determine (a) to (/). (g) Draw vector diagram. 

* 412 . It is d<\sired to transmit over a single-phase line, 10 miles long, a load 
of 1,200 kw, 0.85 power factor, lagging current, the loss not exceeding 7.5 per 
cent of the power delivered. The conductors are spaced 18 in. on center. The 
voltage at the load is 11,0(X) volts, 50 cycles. Determine (a) smallest size AWG 
solid copper conductor (Appendix H, p. 612); (b) resistance per wire; (c) reactance 
per wire; (d) sending-end voltage; (c) line regulation; (/) efficiency; (g) regulation 
and efficiency with 1,200 kw, 0.9 power factor, leading current, (h) Draw vector 
diagrams. 

*413. Given the following data for a 3-phase transmission line: distance, 
25 miles; power, 6,000 kw; power factor, 0.80, lagging current; voltage at load, 
33,000 volts, 3-phase, 60-cycle; size wire. No. 00 AWG solid copper (diameter, 
365 mils, p - 11 ohms per cir mil-ft); spacing of wires, 48 in., triangular. Deter¬ 
mine («) resistance per conductor; (b) reactance per conductor (Sec. 263, p. 461); 
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(c) current; (d) voltage at sending end; (e) regulation; (/) line loss; (g) efficiency of 
transmission, (h) Draw vector diagram. 

* 414 . In Prob. 413, for 6,000 kw, 0.9 power factor, leading current, determine 
(o) current; ( 6 ) voltage at sending end; (c) regulation; (d) line loss; (e) efficiency, 
(/) Draw vector diagram. 

* 416 . A 3 -phase load of 30,000 kw at 0.80 power factor, lagging current, is to be 
transmitted a distance of 50 miles, over a 3-phase overhead line consisting of three 
350,000-cir-mil stranded copper conductors with 6 -ft flat spacing (12 ft between 
centers of outer conductors). The frequency is 25 cycles, and the voltage at the 
load is 66,000 volts between conductors. For the equivalent spacing use P)q. (231) 
(p. 465). Determine (a) resistance per conductor (Appendix H, p. 612); ( 6 ) 
reactance per conductor (Appendix J, p. 614); (c) current; (d) sending-end voltage; 
(c) regulation; (/) line loss; (g) efficiency, (h) Draw vector diagram. 

* 416 . In Prob. 415, determine for 35,000 kw, 0.9 power factor, lagging current, 
(a) current; (b) sending-end voltage; (c) regulation; (d) line loss; (e) efficiency. 

* 417 . It is desired to transmit 50,000 kw a distance of 140 miles at 132,000 
volts at the load, 3-phase, 60 cycles. The line loss shall not exceed 10 per cent of 
the transmitted power when the load power factor is 0.85, lagging current. AC^SR 
conductors are to be used. The equivalent spacing is 15 ft between centers. 
Neglecting charging current, determine (a) load current at 0.85 power factor, 
lagging current; ( 6 ) smallest permissible size of ACSH conductor (Appendix 1, 
p. 613); (c) resistance per conductor; (d) loss at 0.85 power factor; (c) reactance per 
conductor; (/) sending-end voltage; (g) regulation; (h) efficiency. (/) Draw' vector 
diagram. 

* 418 . With the system of Prob. 417, the kva and voltage at the load remaining 
unchanged, determine, at unity power factor, (a) current; (b) sending-end voltage; 
(c) regulation; (d) line loss; (e) efficiency. (/) Draw vector diagram. 

* 419 . In Prob. 417, determine (a) line capacitance; (b) line charging current 
using voltage at load; (c) total current at receiving end, assuming one-half line 
capacitance at each end of line; (d) sending-end voltage; (c) line regulation; (/) 
line loss; (g) efficiency; (h) total current to line at sending end. (0 Draw vector 
diagram. 

* 420 . In Prob. 419, with 50,000 kva at unity pow’er factor, determine (a) 
total current at receiving end; ( 6 ) sending-end voltage; (c) line regulation; (d) line 
loss; (e) efficiency; (/) total current to line at sending end. (g) Draw' vector 
diagram. 

* 421 . Repeat Prob. 420 with 50,000 kva at 0.90 power factor, leading current. 

* 422 . Following are the data for a long 3 -phase high-voltagi* line: power to be 
delivered, 75,(X)0 kw at 0.85 power factor, lagging current, 60 cycles; length of line, 
250 miles; normal line voltage, 220,000 volts; conductor, 605,000 cir mil A('SR; 
equivalent spacing, 21 ft; resistance per mile, 0.154 ohm; reactance per mile, 
0.815 ohm; susceptance per mile from wire to neutral, 5.37 • 10 ® mhos. Use the 
method of Sec. 271 (p. 474). Determine (a) load current; (b) total resistance, 
reactance, and susceptance per wire; (c) constant 4 ~ +^^ 2 ; (d) constant 

B ^ bi + 762 ; («) constant C = —ci jc 2 ) (/) sending-end voltage; {g) sending- 
end current; (]i) input at sending end; (/) power factor of (/i); (j) efficiency. 

* 423 . In practice, the line of Prob. 422 would not operate with as great a 
difference between sending- and receiving-end voltage. Hence, synchronous con¬ 
densers, through step-down transformers, would be connected at the receiving end 
to raise the power factor to unity or thereabouts. Neglecting the effect of the 
transformers, determine (a) combined kva rating of synchronous condensers to 
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bring power factor at receiving end to unity, neglecting losses; (h) current at 
receiver end; (c) sending-end voltage; (d) sending-end current; (e) input at sending 
end; (/) power factor of (e); (g) efficiency. The power factor is unity at receiver. 

* 424 . It is desired to transmit 60 kw, unity power factor, single-phase, a 
distance of 800 ft by means of an overhead O-conductor feeder. The voltage at 
the load is 440 volts, 60 cycl(*s. The loss shall not exceed 10 per cent of the load 
power. The two wires are to be spaced 12 in. on centers. Determine (a) smallest 
size AWG solid copper conductor that can be used with resistivity 10.75 ohms per 
cir mil-ft; (b) resistance per conductor; (c) rea<*tance per conductor; (d) sending- 
end voltage; (e) regulation; (/) line loss; (g) efficiency. 

* 426 . With the conductors determined in Prob. 424, compute regulation and 
efficiency for same load voltage and power but with a power factor of 0.85, lagging 
current. 

* 426 . In Prob. 424, compute the regulation and the efl5ciency, using 00 AWG 
solid copper. Gompare the value of regulation with that of Prob. 424, noting 
effect on regulation and efficiency of using larger conductor. 

* 427 . In Prob. 424, with 60 kw load at 440 volts, 0.60 power factor, lagging 
current, determine (a) current; (b) smallest size solid copper conductor with line 
I )ss not exceeding 10 per cent of load power with resistivity 10.75 ohms per cir 
mil-ft; (c) resistance per conductor; (d) reactance per conductor; (e) sending-end 
voltage; (f) regulation; (g) line loss due to energy and quadrature currents and 
total; (h) efficiency. 

* 428 . It is desired to transmit 15 kw at 0.80 power factor, lagging current, 
60 cycles, to a single-phase load, a distance of 420 ft over a 3-wire system. The 
voltage at the load is 230/115 volts, and the allowable voltage drop must not 
exceed 8 volts betweem outer conductors. The wires run open, and the two outer 
ones are spaced 12 in. on centers. Determine (a) smallest size of solid copper wire 
that may be used; (b) sending-end voltage; (c) efficiency of transmission. The 
neutral wire may be one-half the cross section of the outer wires, and balanced 
loads may be assumed. 

* 429 . In Fig. 429A is shown a 230/115 volt single-phase 3-wire system in which 
a load of 12 kw at 0.95 power factor, lagging current, is connected across the upper 
side and a load of 10 kw at 0.8 power factor, lagging current, is connected across the 
lower side. Determine (a) current in upper wire; (b) current in lower wire; (c) 
eurrent in neutral, (d) If resistance of each outer wire is 0.05 ohm and that of 
neutral is 0.10 ohm, compute efficiency of transmission. 


V. 


Fio. 430A. 

* 430 . In Fig. 430A is shown a 230/115-volt single-phase 3-wire system, across 
the upper side of whicli there is connected a 60-amp lamp load, in parallel with a 
20-amp motor load, the poi\er factor of which is 0.70, lagging current; across the 
lower side there is connected a 40-amp lamp load, in parallel with a 25-amp motor 
load the power factor of which is 0.8, lagging current. Determine (a) current in 
upper wire; (6) current in lower wire; (c) current in neutral. 

* 481 . Repeat Prob. 430, with the two motor loads interchanged. 
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482. In Fig. 432-4 is shown a 208/120-voh 3-phase low-voltage network 
supplied by a delta-Y-connected transformer with 6,900-volt primaries. The 
equivalent balanced lamp load is 180 amp from each line conductor to neutral and 
the equivalent balanced induction-motor load is 50 kw, 0.70 power factor, lagging 
current, connected to the three line conductors. Determine (a) total secondary 
kilowatt load; (6) current in each secondary line conductor; (c) current in each 
primary; (d) each line current to primaries. Neglect transformer losses and all 
voltage drops. 



QUESTIONS ON CHAPTER XIV 
Electron Tubes 

1. Discuss the nature of electrons, the order of magnitude of their charge and 
mass, and their relation to th(‘ atom and tlieir collisions. 

2. What conditions an* necessary for a free* (‘mission of el(‘ct^on‘^? What 
is the effect of the electrons in the space outside a body on tin* number of (*k*ctrons 
that remain in the space? What is in(*ant by ciiiical velocity.^ 

3. State and analyze Richardson’s la^v. Define thermionic (JJi<'iency. CVmi- 
pare the thermionic (‘fficiencies of tungsten, oxid(*-coated platinum, and thoriated 
tungsten. What is meant by space charge! 

4. Analyze electron emission in the two-electrode tube. What is nu'ant by 
space-charge saturation^ and what is its effect on the emission characteristic of tlu* 
tube? 

6. State and analyze Child’s three-halves-pow(*r law. At any one temper¬ 
ature, why does the current become ess(*ntially constant with increase* in voltage, 
after the voltage reaches some definite value? 

6. Describe the Edison effect. 

7. Describe the op(*ration of the Fleming valve and its u.se as a reel ifier. Com¬ 
pare half-wave and full-wave rectification. Draw the coniu'ctions for a full-wave 
rectifier, and explain the function of the filter. D(*scribe the construction and 
operation of an X-ray tube. 

8 . Dejscribe the construction and analyze the operation of a thre(*-electrode 
vacuum tube. How does the grid act to control the output of the tube? 

9. State the equivalent-plate-circuit theonmi. 

10. Draw the connections us(*d for determining the static characteristics of 
the three-electrode tube. Define the three tube coefficients, amplification factor^ 
plate resistance y and mutual conductance, or transconductarue. State the relation 
connecting them. What is the effect of the geometry of the tube on these 
quantities? 
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11 . Sketch and analyze the three following static characteristics: Jp-^Eg for 
different values of Ep] Ip—Ep for different values of hg] Ep—Eg for different values 
of Ip. 

12. Draw the connections and describe the dynamic measurement of amplifi¬ 
cation factor fx by the voltage-ratio method and the resistance-ratio method. 

13. Draw the connections and describe the dynamic measurement of plate 
resistance by the resist ance-})ridge method and the voltage-ratio method. 

14. Draw the connections and describe the dynamic measurement of grid-plate 
transcoiiductance gm by the Aiken and Bell method, the voltage-ratio method, and 
the resistance-ratio method. 

15. Describe th(‘ construction of three-electrode r(‘ceiving tubes. What 
special featun' is used with a-c tubes, and why is a directly heated filament some¬ 
times used? 

16. Draw the connections and anal>ze the operation of the three-electrode 
tube as an amplifier. What are the effects of the st(‘ady voltages and currents 
in the plate and grid circuits on the operation of the tube as an amplifier? 

17. How may grid bias be obtained without a battery? Define degeneration. 

18. Why is it more desirable to use the Ip-Ep characteristic in determining the 
dynamic operating characteristics of a tube? Show the path of operation about 
the quiesc(*nt point. Show tlu* areas that give the power drawn from the battery, 
the loss in the d-c resistance of the load, the power applical to the tube and the a-c 
power output. 

19. D<‘fine class A, class B, and class (' amplification and intermediate classes. 

20. With load on the tube, why is the actual voltage amplification always less 
than the amplification factor? Draw the connections of a resistance-coupled 
amplifier. What is the order of magnitude of voltage amplification in a two-stage 
resist an ce-coupl(*d aniplifi<‘r without and with pentodes? 

21. What limits ampliU(*ation obtainable in a multistage amplifier? What 
factor normally limits the voltage gain in a single stage, and how may the gain be 
increased? How may grid-plate capacitance b(* neutralized? 

22. Compare resistan(*e-coupled and transformer-coupled amplifiers as to 
over-all gain and frequency characteristics. 

23. Explain why the screen-gri<l tube eliminates regenerative effects. 

24. Describe a m<*thod for measuring voltage amplification. 

26. In what manner does the four-electrode tube, or tetrode, differ from 
the three-el(H*trode tube? D(*scribe th(‘ operation of the space-charge and the 
screen-grid types of tubes, comparing their Ip—Ep characteristics w'ith those of the 
three-electrode tube. 

26. What is the object of the pentode tube? Show the tube connections, 
and sketch its Ip~Ep chnracteristic. State the apiiroximate values of plate 
resistance, amplification factor, and transcoiiductance. 

27. TCxplain ^\hy a pentode introduces considerable distortion in the plate 
current. Explain the operation of heam-fornung plates in pentodes and the effect 
of the plates on the tube characteristics. 

28. For what purposes are multielectrode tubes sometimes used? 

29. Make a diagram of connections for regeneration, and analyze the prmciple 
of operation. What is meant by negative resistance? 

30 . On what principle do oscillators operate? Draw wiring diagrams of their 
four circuits. 

31. Discuss the relative merits of the various oscillator circuits: tuned-grid; 
tuned-plate; Hartley; Colpitts. 
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82 . Explain why the Ep-Eg diagram is best for the description of oscillator 
characteristics. 

33. Express the ratio of a-c grid voltage to a-c plate voltage for each of these 
circuits. 

34 . In what manner do pow(*r tubes differ from receiving tubes? How is the 
rating of power tubes increased? Describe the construction of tubes whose rating 
exceeds 1 kw. 

86 . What is meant by modulation/ Name thrc'e common methods. What 
three frequencies exist in an amplitudc'-modulated carrier curnuit? Distinguish 
between side freciuencies and side bands. 

36 . Expand Kq. (278) (p. 540), and indicate the audio-frequency and radio- 
frequency components. 

37 . Make a diagram of connections, and describe plate-circuit modulation, 
grid modulation, screen-grid modulation, and the Heising const ant-current method. 

38 . In what manner does a signal modulate the carrier wave in freijuency 
modulation? Draw a diagram of the reactance-tube method, and (‘\plain its 
operation. Repeat for the Armstrong method. 

39 . What is meant by detection/ Show how detection may b(* ai'complished 
with a two-electrode tube. How is the sensitivity increased? 

40 . Describe detection with the three-electrodc‘ tube with polarized grid. 
Why is the grid polarized negatively? Where is this type of det(*ction used? 

41 . Analyze detection with three-electrode tubi's by the use of grid resistance. 
What are the functions of the grid resistance and the grid capacitor? Show how 
detection and regeneration may be eombme<l m a single tubi'. 

42 . Analyze heterodyne, or b(*at, reception. What is m(*ant bv heat frequtncyf 
Make a diagram of connections of separate het(*rodyne reception. What is a 
mixerf In what capacity may the term detector be prop(*rly used? 

43 . Define a discriminator. To what type of circuit is tin* trecpiency-modu- 
lated wave applied in order to convert it into a wave whos(3 amplitude is a function 
of the original audio wave? 

44 . Describe the general principles on which most receivers operate. Why are 
filters used with alternating-current sets? How is automatic volume control 
effected? What is tone control? What is a limiter? Describe its effc'ct on 
static. 

46 . In the superheterodyne receiver, what is the advantage of the intermediati* 
frequeney being fixed? 

46 . Develop an expression for the impedance presented by the reactance-tube 
circuit of Fig. 455 (p. 543) to the oscillator circuit when the reactance of capacitor 
C is negligible compared with the resistance of resistor R. 

47 . With R and C of Fig. 455 transposed, develop an expression for the imped¬ 
ance presented by the reactance-tube circuit to the oscillator circuit when the 
resistance of R is negligible compared with the reactance of capacitor C. 

PROBLEMS ON CHAPTER XIV 
Electron Tubes 

433 . (o) Determine the number of electrons that must leave a filament per 
second to give a current of 100 rna. (b) If these electrons are accelerated by a 
potential of 400 volts, find the energy, expressed in ergs, (c) From (a) determine 
the power in watts. 
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484 . Find the electron current emitted by (a) a tungsten filament 1 in. long 
and 1 mil in diameter at a temperature of 2200°C; {o) a thoriated tungsten filament 
at 1600^0; (c) an oxide-coated filament at 1300°C. The dimensions of the fila¬ 
ments in {h) and (c) are the same as that in (a). 

486. Calculate from the slopes of the curves shown in Figs. 425, 426, 427 
(pp. 516, 516, 517) values of /i, rp, and gm, for rated plate voltage and various grid 
voltages, and plot against grid voltage. 

436. Check Eq. (257) (p. 518) at rated grid voltage. 

487. Draw the path of operation for various resistance loads as shown in 
Fig. 434 (p. 524), using rated battery voltage. Limiting the a-c grid voltage so 
that the grid neither swings positive nor causes the plate current to become zero, 
calculate the n(‘gative grid bias, over-all amplification, and efficiency of the tube. 
Plot these quantities against load resistance. 

488. Repeat the calculations of Prob. 437 for rated voltage at the plate. 
Determine the necessary battery voltage. 

439. From the slopes of the curves of Pig. 442 (p. 530), calculate the plate 
resistance at rated plate voltage for various grid biases, and plot against grid 
voltage. Calculate the amplification factor and mutual conductance at rated grid 
voltages. 

440. Calculate the maximum negative plate resistance in the dynatron region, 
Fig. 442 (p. 530), for various grid voltages. 

441. Calculate the ratio of inductance to capacitance for which oscillation 
will just occur for a value of Q of 100 for the tuned circuit ( see p. 531). 

442. Repeat Prob. 437, using the curves of P'ig. 442 (p. 530), limiting the 
plate a-c voltage so that the instantaneous plate voltage does not become less than 
the screen-grid voltage. 

443. Repeat Prob. 438, using the curves of Fig. 442 (p. 530). 

444. Repeat Prob. 439, using the curves of P'lg. 444 (p. 532). 

445. Repeat Prob. 437, using the curves of P'lg. 444 (p. 532). 

446. Repeat Prob. 438, using the curves of Fig. 444 (p. 532). 

447. P"or the tube used in Fig. 449 (p. 536), using rated plate voltage, calculate 
d-c and a-c plate current, d-c and a-c power, and efficiency for various ratios of 
a-c grid voltage to a-c plate voltage, on the assumption that the quiescent point 
is on the 7p = 0 line and that the end of the path of operation is on the Prince 
line OP. 

448. Calculate the approximate change in inductance presented by the react¬ 
ance tube circuit of Fig. 455 (p. 543) when the grid-plate transconductance of the 
tube varies by 1 per cent about its nominal value of 5,000 micromhos. Assume 
that R = 300 ohms, C = 70 MMf, and the frequency is 100 megacycles. 

449. With R and C of F'ig. 455 (p. 543) transposed, calculate the approximate 
change in capacitance presented by the reactance tube circuit when R - 10 ohms 
and C == 5 nyA and the grid-plate transconductance of the tube varies by 1 per cent 
about its nominal value of 5,000 micromhos. The frequency is 100 megacycles. 

QUESTIONS ON CHAPTER XV 
Rectifiers 

1. For what purposes are rectifiers used, and v/hy have power rectifiers 
assumed so much importance in recent years? 

2 . Differentiate between half- and full-wave rectification. State where 
half-wave rectification may be used and the purposes for which it is not well 
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adapted. Sketch a bridge connection by which full-wave rectification may be 
obtained. 

3. Describe the rectifying commutator and the vibrating rec*tificr and inverter, 
giving their uses and limitations. State the principle on which the el(*ctrolytic 
rectifier operates. Of what materials is it made, and what arc its uses? 

4. In the copper-oxide rectifier, where does rectification occur? Describe 
its construction and give its power limitations and its principal applications. 

6. Describe the principle of operation and the construction of the selenium 
rectifier. What are the counterelectrode and th(‘ barrier layer and in what 
direction does rectification take place? 

6 . Analyze carefully the principh* of hot-cathode rectification, stating th(^ 
part contributt'd by electrons and positive ions. Diff(Tentiate betwec'ii the gaseous 
and the vacuum type of hot-cathode rectifiers. 

7 . On what principle do the Tungar and Itectigon rectifiers operate? What 
gas is ordinaril}" used, and why is its pre.ssure relatively high? Make a diagram 
of connections. 

8 . State the two important properties of mercury that make it a very desirable 
rectifier cathode. Analyze r(*ctifi(*ation in a mer(*ury-arc rt'ctificr, discussing the 
cathode hot spot. What is the usual rang(‘ of arc drop, and how does it vary with 
the current? 

9 . What is meant by “de-ionization time”? ^\'hy is it necessary in menmry- 
arc rectifiers to maintain an arc continuously? Describe two methods that can be 
used with single-idiase rectifiers to su.stain the arc. 

10. bet E be the peak value of voltage* from center tap to anode. What is 
the maximum instantan(‘ous value of voltage* that may occur between an anode 
and cathode? between tuo anod<*s? 

11. Sketch the enif waves in a single-phase rectifier due to full-wave r(*ctification 
with resistance but no inductance in circuit. Determine tin* current w’ave. 

12. Sketch the* current wave when a batt(*ry is being charged by a full-wave 
single-phase rectifier, there being no inductance in circuit. Di.scuss the possibility 
of feedback when a battery is lieing charged. 

13. Show that anode inductance prolongs the flow of anode current and also 
introduces an emf into tin* anode circuit winch accounts for the prolonged current. 

14. Sketch a rectified half-wave emf, and show" the (*fTect of a smoothing 
inductance on the voltage and current. How" does a smoothing inductance aff(*ct 
the shape of the rectified emf W'ave across the circuit and the ripple in the current 
wave? 

16. Describe the construction and operation of the singh*-phas(‘ glass-tube 
rectifier. TIow" is the arc started and maintained? For wiiat ])urposes are .such 
rectifiers used, and w^hat is the upper limit of th(‘ir rating? What is the maximum 
rating of the heat-resisting-glass six-anode type of nier(‘ury-ar(’ rectifier? 

16. Describe the operation of a 3-phase rectifier. Why is smoothing inductance* 
not necessary for maintaining the arc? What factor determines the times at 
w^hich an anode fires and ceases to fire? Compare the normal transformer rating 
with its rectifier rating, giving reasons for any difference. Why is a smoothing 
inductance generally u.sed with 3-phase rectifiers? 

17 . Draw a wiring diagram for a 6-phase rectifier. State its advantages. 
AVhat is one disadvantage? 

18 . How does a smoothing inductance affect the period over which an anode 
fires? What is meant by the angle of overlap f Analyze the effect of the smoothing 



QUESTIONS AND PROBLEMS 


693 


inductance on the emf wave between cathode and center tap and between external 
circuit terminals, excluding the smoothing inductance. 

19. How is the average alternating-current emf determined when the half¬ 
waves are sinusoidal? What factors cause the voltage across the load to deviate 
from this computed value? 

20 . Describe the construction of the hot-cathode Thyratron, analyzing the 
principles on which it operates. What gas is used? What is the source of 
ele(;trons? 

21 . Analyze grid control of gaseous hot-cathode rectifiers, comparing it with 
vacuum-tube grid control. Under what conditions does the grid lose control, 
and how may control by the grid be restored? Why must a large factor of safety 
be employc‘d in the grid-control voltage? 

22 . By what two methods is grid control made effective? Show by a sketch 
how phase shift in the grid voltage can determine the firing period of a rectifier. 
Describ(‘ two methods by which phase* control of the grid voltage is obtained. 

23 . iVIak<j a diagram of connections for a Thyratron full-wave rectifier. 
Enumerate some industrial applications of Thyratrons. 

24 . What factor inakc's inverter action mon* difficult than rectifier action? 
How is th(* frequency of the inverted power determined? Show a circuit con¬ 
nection that enabl(*s the grid to regain control. Analyze the reactions that permit 
the grid to regain control. 

26 . Sketch the connections for an inverter system. Why is an inductance 
necessary in the direct-current line*? 

26 . Show the arrangement of cathodes, anodes, and grids in a power mercury- 
arc rectifier. Of \\hat materials are the anodes and control grids? Why are 
shields about th(* anodes desirable? De.scTibe one method of starting a power 
rectifier. What is th(' function of the excitation anodes? 

27 . Make* a diagram of coniu'ctions, showing the method of obtaining grid 
control. What is the function of the interphase transformer, or balance coil? 
Why is a 3-phase rectifier mon* economical than a (>-phas(* rectifier? 

28 . How many anodes may fire simultaneously when two double-Y-systerns, 
each with its interphase transformer, supply a 12-anode rectifier? 

29 . Describe the method of applying grid control, and show that automatic 
voltage regulation is obtainable. 

30 . State some of the disadvantages of the mult ianode-tank rectifier. Describe 
the construction and the method of firing of the ignitron. Why is the danger 
of backfiring minimized, and why can the arc drop be made considerably less than 
with the multianode-tank rectifier? 

31 . I)(*scribe the* construction and operation of the excitron. 

32 . Make* a simplified diagram of fi-phase ignitron coimcctions, showing the 
method of controlling the firing. 

33 . To what is backfiring due? Wliat limits the anode currents? What 
means are tak(‘n to minimize backfiring? 8how that with grid control it is 
possible to stop a backfire before it causes interruption of the d-c power. 

34 . Why do(‘s the* value* of the operating voltage have an important effect on 
rectifier effieie*ncy? Uompare the light- and full-load efficiencies of rectifiers, 
including ignitrons, with those of synchronous-motor-generator sets and syn 
chronous converters of comparable ratings. 

36 . State the advantages of rectifiers over rotating machinery for converting 
alternating to direct current. 
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86. Describe and show the connections of a rectifier system by means of which 
a d-c motor may be made to have a wide range of speed-load characteristics when 
operated from an a-c power supply. 

PROBLEMS ON CHAPTER XV 
Rectifiers 

460. A simple half-wave rectifier rectifies a 60-cyele 40-volt (rms) sine-wave 
supply (see Fig. 472, p. 555), and it supplies a pure resistance load of 4 ohms. 
Neglect any rectifier drop. Determine (a) maximum instantaneous or peak value 
of rectified voltage waves; (6) average voltage; (c) maximum instantaneous or peak 
value of rectified current waves; (d) average current; (e) coulombs per second; 
(/) joules per second dissipated in resistance. 

451. The resistance of Prob. 450 is replaced by a battery whose counter emf is 
45 volts and whose internal resistance is 0.3 ohm. (a) Plot voltage wave and 
current wave to battery for at least three complete cycles. Determine (b) maxi¬ 
mum instantaneous value of current; (c) time at which current begins to flow after 
voltage has begun to increase above its zero value; (d) average power delivered to 
battery. 

462. Repeat Prob. 450 for full-wave rectification (see Fig. 473, p. 555). 

463. Repeat Prob. 451 for full-wave rectification (see Fig. 473, p. 555). 

464. A single-phase full-wave mercury-arc rectifier is supplied by a 220-volt 
(rms) transformer secondary with a center tap, and the transformer takes its power 
from a 60-cycle sine-wave source. The arc drop is 16 volts and may be considered 
constant. The rectifier supplies a resistance load of 8 ohms. The inductance in 
circuit may be considered as n(*gligible, ionization of the mercury vapor being 
maintained by an auxiliary anode. With the center tap considered as being at zero 
potential, determine (a) peak anode emf; (6) peak cathode voltage; (c) maximum 
instantaneous current; (d) average cathode voltage; (c) average current; (/) aver¬ 
age power; (g) inverse voltage, (h) Draw emf and current waves. The cathode 
voltage wave and the current wave may be considered as being rectified sine waves. 

466. A battery having an emf of 90 volts and an internal resistance* of 0.2 ohm 
is connected to the output side of the rectifier of Prob. 454. Determine (a) maxi¬ 
mum value of current; (h) average value, (c) Sketch waves showing anode emf, 
cathode voltage, and current, (d) At what values of a,node and cathode voltages 
does the current begin and stop? 

466. A 3-phase mercury-arc rectifier is supplied at a frequency of 60 cycles 
by Y-connected transformer secondaries, the emf of each to neutral being 220 volts 
(rms). The arc drop is 24 volts and is constant. With a pure resistance load of 
6 ohms, neglecting any impedance drop in the transformer, determine (a) average 
anode emf during firing period; (b) average cathode voltage assuming the cathode 
waves to be portions of sine waves; (c) maximum value of current; (d) average value 
of current (see Fig. 485, p. 572). The neutral of the transformer secondaries may 
be considered as being at zero potential. 

467. In Prob. 456 the resistance load is replaced by a battery whose emf is 
236 volts and whose internal resistance is 0.4 ohm. Plot the anode emf wave, 
the cathode voltage waves, and the current wave. Determine (a) maximum value 
of current; (6) value of cathode voltage at which current becomes zero; (c) approxi¬ 
mate average current; (d) approximate average coulombs per second to battery; 
(e) time when each anode fires, assuming no overlap. 
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468 . It is desired to obtain 600 volts direct current by means of six ignitron 
rectifiers connected O-phase to star-connected transformer secondaries. The 
primaruis of the transformer are connected in delta and derive their power from 
a 13,800-volt 3-phase 25-cycle system. The neutral of the 6-phase star mav 
be considered as being at zero potential. The arc drop may be considered as 
being 16 volts, and 10 per cent may be added to the direct-current voltage to 
allow for impedance drop in the transformer windings. Determine (a) voltage 
rating of each secondary to neutral; (b) ratio of transformation from delta to each 
()-phase coil of the secondary; (c) average anode omf during firing period; (d) time 
when each anode fires if there is no overlap, that is, with an ideal transformer that 
has no resistance or leakage reactance. 
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Alternator, parallel operation, 234 
reactive power, 238 
synchronizing power, 237 
phasing, 182 
pitch factor, 164 
table, 178 
rating, 183 
regulation, 184, 203 

American Standards Associa cion 
method, 225 

electromotive-force method, 210 
general method, 218 
magnetomotive-force method, 218 
Potier-triangle method, 222 
synchronous-impedance method, 
210 

rotating field, 157 
structure, 173 

short-circuit characteristic, 215 
sizes, 2 
slots, 170 

speed-load characteristic, 235 
synchronizing, 240 
types, 1C7 

vector diagram, 200, 201, 202, 203 
ventilation, 172 
voltage regulation, 232 
wave shape, 179 
winding, 158 
phasing of, 182 
Aluminum cable data, 613 
Aluminum-oxide rectifier, 557 
American Standards Association alter¬ 
nator regulation, 225 
Ammeter, d\mamometer, 96 
iron-vane, 104 

Amortisseur winding, 403, 453 
Ampere, 9 
Amplification, 523 
characteristic, 517 
voltage, 526 

Amplification factor, 514, 518 
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Amplifier, push-pull, 526 
resistance-coupled, 526 
transformer-coupled, 527 
Amplitude modulation, 539 
Angular velocity, 6 
Anode, 508 

Anode inductance, 568 
Antiresonance, 51 
Apparent power, 28 
Argument, 74 
Armature, alternator, 167 
impedance drop, 199 
reactance, 185 
reaction, 182 
polyphase, 194 
single-phase, 187 
synchronous converter, 438 
resistance, 186 
Arrester, 482 

(See also Lightning arrestor) 
Asynchronous generator, 355 
Audion, 513 

Autodyne reception, 558 
Automatic network protector, 498 
Automatic substation, 502 
Autostarter, 288, 334 
Autotransformer, 285 
Auto valve lightning arrester, 485 
Average current, 9, 11 
Average power, 24 
Axis, of imaginaries, 71 
of reals, 71 

B 

B amplifier, 526 
Backfiring of rectifier, 596 
Balance coil, 288 
Barrel winding, 158 
Beat frequency, 548 
Beat reception, 548 
Belt factor, 177 
table, 178 

Bent-iron cores, 276 
Booster, synchronous, 442 
Booster transformer, 288 
Breadth factor, 177 
table, 178 

Breakdown torque, 324 
Breathing of transformers, 281 


Bridge, impedance, 121 

Bridge circuit, 555 

Burden of current transformer, 302 

C 

C amplifier, 525 
Capacitance, 34, 41, 42 
transmission line, 462, 464 
Capacitive impedance', 58 
Capacitive reactance, 37 
C'apacitive susceptance, 36 
Capacitor motor, 378 
starting, 378 
Carrier curn'iit, 539 
CiJatliodc, 506 
Cathode spot, 563 
(^athodc-ray oscilloscope, 118 
Chain winding, 165 

Charging current, transmission line, 615 
Child’s thr(‘(‘-halves power law, 509 
(^ircle diagram, induction motor, 343 
Circuit, capacitance, 34 
inductance, 30 
parallel, 49, 84 
resistance, 29 
resistanc('-capacitance, 41 
resistanc(‘-inductance, 38 
resistance-inductance-capacitance, 42 
resonance, 45, 51 
series, 35, 38, 41, 42, 55, 59, 78 
Circuit breakc'rs, 499 
de-ion grid, 501 
oil, 501 

C’ircular measure, 601 
Class A amplifier, 525 
Class B amplifier, 525 
(’lass (’ amplifier, 525 
(Classification of motors, 336 
(’lock motors, 422 
C’ode letters, table of, 616 
Coefficients of vacuum tubes, 517 
(’old-junction compensation, 104 
(’olpitts oscillator, 535 
Commercial frequencies, 8 
(’ommutator rectifier, 556 
Cbmpensatod wattmeter, 99 
CCompensator, 288 
Complex, 70 

applied to polyphase system, 151 
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Complex impedance, 79 
Complex operator, 79 
Complex quantities, 70 
Compounding curves, 401 
Concatenation, 350 
Condensers (capacitors), 34 
synchronous, 409 
Conductance, 88 

Conductor reactance, table of, 614 
Conjugate method of power calculation, 
83 

Constant-current modulation, 542 
Constant-current transformer, 299 
Converter, frequency, 420 
polyphase, 418 
synchronous, 426 
tube, 533 

Coohdge X-ray tube, 513 
Cooling of transformers, 278 
Copper-oxide rectifier, 557 
Copper wire table, 612 
Core loss, alternator, 229 
transformer, 258 
Cyore-type transformer, 207 
Corona, 477 
Corona power, 479 
Cosines, 606 
Cotangents, 608 
Critical velocity, 505 
Current, addition, 17 
energy, 62 
equation, 8 
polygon, 61 
quadrature, 62 

ratio for synchronous converter, 431 
-squared wave, 11 
transformer, 301 
burden, 302 
phase angle, 302 
ratio correction factor, 302 
Cycle, 6 

Cylindrical rotor, 174 
D 

Damper winding, 403, 452 
De Forest audion, 513 
Degeneration, 524 
De-ion circuit breaker, 501 
Delta connection, 134 


Delta currents, 136 
Delta equivalent, 154 
Delta power, 137 
Delta voltages, 135 
DeMoivre^s theorem, 74 
Detection, 544, 546 
Difference of phase, 17 
Diode, 508, 511 
Discriminator, 550 
Dissipation factor, 49 
Distributed winding magnetomotive 
force, 181 
Distribution, 494 
Distribution transformer, 267 
Division of vectors, 74 
Double-current generator, 423 
Double-squirrel-cage induction motor, 
331 

Double-subscript notation, 124 
Dynamic characteristic, 524 
Dynamometer, ammeter, 96 
voltmeter, 95 
Dynatron, 531 

E 

Eddy-current loss, 259 
Edison effect, 510 
Effective resistance, 55 
Effective value, 11 
Efficiency, alternator, 229 
induction motor, 327 
rectifier, 597 
transformer, 263 
all-day, 266 
vacuum tube, 525 
Electric ship propulsion, 418 
hilectrical degn^c, 8 
Electrodynamometer, 94 
ammeter, 96 
voltmeter, 95 
wattmeter, 97 
Electrolytic rectifier, 557 
Electromotive force, alternator, 176 
induction-motor rotor, 314 
method for regulation determination, 
210 

self-induced, 31 
single conductor, 3 
transformer, 245 

waves for commercial alternators, 4 
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Electron, 504 
emission, 504 
Electron gas, 507 
Electron tubes, 504 
five-electrode, 531 
four-electrode, 529 
three-electrode, 513 
two-electrode, 508 
Electronic motor control, 598 
Emission, 504 
critical velocity, 505 
Richardson’s law, 505 
End rings, 321 
Energy current, 62 
Equation, of current, 8 
of sine wave, 8 

Equivalent circuit of induction motor, 
338 

Equivalent delta-V systems, 154 
Equivalent impedance, 85 
Equivalent reactance of transformer, 
255 

Equivalent resistance, 56 
of transformer, 255 

Equivalent vector diagram of trans¬ 
former, 255 

Excitation, alternator, 174 
diagram for synchronous motor, 402 
Excitron, 596 
Exponential vector, 74 
addition, 75 

F 

Factor, belt, 177 
breadth, 177 
dissipation, 49 
form, 13 
pitch, 164 
Farads, 35 

Field, rotating, 157, 308, 310 

winding, magnetomotive force of, 181 
Filament saturation, 510 
Filter, 512 

Five-electrode tube, 531 
Five-wire star system, 148 
Fleming valve, 511 
Flux, leakage, 185, 250 
Form factor, 13 
Four-electrode tube, 529 


Four-phase system, 146 
Fractional-pitch winding, 162 
Frahin frequency meter. 111 
Frequency, 6 
b(*at, 548 
commercial, 8 
converter, 420 
indicator. 111 
modulation, 539 
natural, 45 
resonant, 45 

Full-pitch winding, 162, 163 
Full-wave rectifier, 511, 555 

G 

Gaseous rectifier, 561 
General method for alternator regula¬ 
tion determination, 200 
Generation of sine waves, 3 
Generator, asynchronous, 355 
double-current, 427 
induction, 352 
synchronous, 157 
(See nlao Alternator) 

Glass-tube rectifier, 570, 589 
Gliding field, 108 

Graphical construction of sine curves, 5 
Grid, 513 

-controlled rectifier, 578, 588 

H 

Half-coil winding, 160 
Half-wave rectification, 555 
Harmonics, 5, 67 
Hartley oscillator, 535 
Heating value of current, 9 
Heising modulation, 542 
Heterodyne reception, 548 
High-starting-torque synchronous mo¬ 
tor, 407 

Hipersil core, 275 
Holtz motor, 522 
Horn-gap lightning arrester, 483 
Hot-cathode rectifier, 559 
Hunting, alternator, 242 
synchronous motor, 403 
Hydrogen cooling, 172, 412 
Hysteresis loss, 259 
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I 

Identifying code letters, 616 
Ignitor, 693 
Ignitron, 592 
connection, 594 
Imaginarics, axis of, 71 
Impedance, 39 
armature, 199 
bridge, 121 
capacitive, 58 
complex, 79 
parallel, 64 

t/C^t of transformers, 260 
vector, 79 

Inclined-coil instruments, 96 
Induced elect roniotivc force, 3, 31 
alternator, 176 
induction motor rotor, 314 
transformer, 245 
Inductance, 30 
Induction, generator, 352 
motor, 305 
air gap, 337 
breakdown torque, 324 
circle diagram, 343 
classification, 336 
double-squirrel-cage, 331 
efficiencies, 327 
equivalent circuit, 338 
induced electromotive force, 314 
phase converter, 382 
principle, 305 

rotating fiehl, 307, 308, 310 
rotor frequency, 314 
single-phase, 372 
single-phase starting, 377 
slip, 313 
slots, 319 
speed control, 348 
squirrel-cage, 321, 333 
starters, 288 
stator, 319 

synchronous speed, 313 
torque, 315 
vector diagram, 341 
wound-rotor, 326 
regulator, 358 
watt-hour meter, 106 


Inductive reactance, 33 
transmission line, 614 
Inertaire, 282 
Inerteen, 282 
Instantaneous pow(‘r, 24 
Instrument, 94 
electrodynamometer, 94 
rectifier type, 105 
thermocouple, 104 
transformer, 300 

polarity marking, 304 
Insulators, pin-type, 488 
suspension, 489 
Interphase transformer, 590 
Intcrpoles, series motor, 364 
Inverted synchronous converter, 447 
Inverter, 447, 554 

thyratron used as, 584 
Iron-vane instruments, 102 


Kilovar, 64 
addition, 414 

Kilovolt-ampere addition, 150 

Kuhlman transformer, 277 

L 

Lag, 17 

Lap winding, 159 

Uixd, 17 

Leakage reactance, alternator, 185 
transformer, 250 

Lighting, 480 

Lightning arresters, 482 
autovalve, 485 
construction, 488 
horn-gap, 483 
oxide-film, 484 
pellet, 485 
thyrite, 487 

Lightning protection, 482 
protector tube, 487 

Load combination by kva method, 150, 
414 
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Logarithms, 610 
Low-voltage network, 496 

M 

Magnetizing current, 260 
Magnetomotive force, distributed, 181 
method, 218 
vector diagram^ 197 
Mechanical rectifier, 556 
Mercury-arc rectifier, 563 
glass-tube, 570, 589 
with anode inductance, 568 
with battery load, 566 
with resistance load, 565 
Mesh connection, 149 
Meter, watt-hour, 106 
Modulation, 539 
Modulus, 74 
Motor, capacitor, 378 
classification, 336 
control with electron tubes, 598 
-generator substation, 499 
induction, 305 
repulsion, 367 
series, 360 
single-phase, 360 
single-phase induction, 377 
squirrel-cage, 321 
synchronous, 385 
wound-rotor, 326 
Mot-O-Trol, 598 
Maltielectrode tubes, 532 
Mutual conductance, 518 

N 

Natural frequency, 45 
Network, 496 
protector, 498 
Neutral atom, 504 
Neutrodyne, 528 
Nonsalient poles, 174 
Nonsinusoidal waves, 67 
Normal excitation, 400 
Notation, complex, 70 
double-subscript, 124 
polar, 75 
Nucleus, 604 


O 

Ohm, 16 

Oil circuit breaker, 501 
Opcn-circuit test, alternator, 215 
transformer, 258 
Open-delta connection, 292 
Operator, complex, 79 
Oscillation, 531 
Oscillator, 534 
Oscillograph, 115 
Oscilloscope, 115, 118 
Outdoor substation, 503 
Overexcitation, 400 
Oxide-film arrester, 484 

P 

Paralhd circuit, 49 
by admittances, 91 
by conipl('\, 84 
Parallel im|)(‘(hui(*c>, 1)4 
Parallt‘1 operation, alternators, 234 
synchronous converters, 452 
l^arallel resonance, 51 
Parallcl-f(‘cd oscillator, 535 
Parallelogram of vectors, 15 
Pellet-typ<‘ arrester, 485 
Pentode, 531 

l*hasc angle of currc*nt transformer, 302 
Phase converter, 382 
Phase differenc(‘, 17 
Phase meter, 112 
Phase relations, 10 
Phase voltages, 130 
Phasing, alternator windings, 182 
transformer windings, 289 
Photoelectric emission, 505 
Pin-type insulator, 488 
Pitch factor, 164 
table, 178 
Plate, 508 
characteristic, 515 
resistance, 518 

Polarity marking of instrument trans¬ 
formers, 304 

Polarity of synchronous converter, 450 
Polar notation, 75 
Polar vector, addition, 75 
division, 76 
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Polar vector, multiplication, 76 
powers, 76 
reciprocals, 76 
roots, 76 

Polygon, current, 61 
voltage, 55, 69 

Polyphase armature reaction, 194 
Polyphase systems, 123 
Polyphase wattrrujter, 100 
Positive vector rotation, 19 
Potential transformer, 300 
Potier diagram, 222 
Power, 24, 26, 27 
complex, 81 
corona, 479 
delta, 137 
niaximum, 66 

measurement, 138, 139, 149 
reactive, 64 
rectifiers, 554 
scries circuit, 40 
synchronizing, 237 
system, 456 
three-phase, 132, 134 
transformer, 267 
transmission, 456 
tubes, 538 
two-phase, 146 
Y-aystein, 132 
Power factor, 28 
correction, 409 
diagram, 145 

Power-factor indicator, 112 
Primary of transformer, 248 
Propulsion, electric, 418 
Protector tube, 487 
Proton, 504 

Push-pull amplifier, 526 
Pyranol, 282 

Q 

Q-factor, 47 
Quadrature current, 62 
Quarter-phase system, 146 

11 

Radian, 601 
Rating, alternator, 183 


Rating, synchronous converter, 437 
Ratio correction factor, 302 
Reactance, 33 
armature, 185 
capacitive, 37 
equivalent, 255 
inductive, 33 
leakage, 174, 185, 250 
synchronous, 210 
transmission-line, 459, 461 
Reactance factor, 266 
Reactive power, alternator, 238 
Reactive volt-amperes, 64 
Reactor starting, 336 
Reals, axis of, 71 
Receivers, 551 
Receiving tubes, 522 
Reciprocals of vectors, 73 
Rectangular notation, 70 
Rectangular vectors, 71 
Rectification, 511 
full-wave, 511, 555 
half-wa\'e, 555 
two-electrode tube, 544 
Rectifier, 554 
advantages, 597 

average d-c electromotive force, 577 

backfiring, 596 

commutator, 556 

copper-oxide, 557V 

efficicuicy, 597 

electrolytic, 557 

excitron, 596 

gaseous, 561 

glass-tube, 570, 589 

grid-controlled, 578 

half-wave, 555 

hot-cathode, 559 

mechani(*al, 556 

mercury-arc, 563 

Rectigon, 561 

Rcctox, 558 

ripples, 577 

selenium, 558 v 

single-phase, 563 

six-phase, 573 

three-phase, 571 

Thyratron, 578 

tubes, 513 

-type instruments, 105 
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Rectifier, vibrating, 556 
Rectigon, 561 
Rectox, 558 
Regeneration, 533, 548 
Regulation, alternator, 184, 203 
ASA method, 226 
delta-connected, 214 
general-method, 209 
Potier triangle, 222 
synchronous-impedance method, 
210 

three-phase, 214 
Y-connected, 214 
transformer, 262 
transmission line, 468 
Regulator, induction, 358 ^ 

Sil verst at, 232 
Tirrill, 232 

Repulsion motor, 367 
starting, 380 
Resistance, 29 
armature, 186 
-capacitive circuit, 41 
copper wire, 612 
-coupled amplifier, 526 
effective, 55 
equivalent, 56 
-inductive circuit, 38 
-inductive-capacitive circuit, 42 
Resistance factor, 266 
Resonance, 45 
anti-, 61 
curves, 54 
parallel, 51, 53 
series, 45 

Richardson’s law, 505 
Root-mean-square value, 10 
Roots of vectors, 76 
Rotary converter, 427 

{See also Synchronous converter) 
Rotating field, alternator, 157 
induction motor, 307 
structure, 173 
three-phase, 310 
two-phase, 308 
Rotation of vectors, 77 
Rotor, electromotive force, 314 
frequency, 314 
Raptor, 500 


S 

Salient poles, 173 
Saturation, cathode, 510 
filament, 510 
space-charge, 508 
Scalars, 14 

Scott connection, 294 
Screen grid, 529 
Secondary of transformer, 245 
Secondary emission, 505 
Selectivity, 47 
Selenium rectifier, 558 
Self-heterodyne reception, 550 
Selsyns, 423 
Series circuit, 78 

resistance-capacitance, 41 
resist ance-inductanc(*, 38 
resistance-inductancc-capacitance, 42 
Series motor, 360 
characteristics, 366 
commutating poles, 364 
commutation, 364 
interpoles, 364 
starting, 336 
vector diagram, 365 
8(*ries-parallel circuit, 86 
l)y admittances, 91 
by complex, 86, 88 
Series resonance, 45 
Shaded pole, 107 
starting, 379 

Shell-type transformer, 267 
Short-circuit, characteristic, 215 
test, alternator, 215 
transformer, 2()8 
Side bands, 541 

Silvers!at voltage regulator, 232 
Sine waves, 3 
addition, 20 
equation, 8 

graphical construction, 5 
Single-phase armature reaction, 187 
Single-phase induction motor, 372 
starting, 377 
Single-phase motors, 360 
capacitor, 378 
induction, 372 
repulsion, 367 
series, 360 
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gle-phase winding^ 159 
gie-range winding, 165 
i-p.iase rectifier, 573 
•piiase synchronous converter, 428 
Hip 306, 313 

:5a8urcmeiit, 356 
armature, 170 
induction motor, 319 
mcothing inductaneo, 569 
l.pacp charge, 505, 507 
Space-charge grid, 529 
Space-charge saturation, 508 
S^ ac(‘-time vectors, 204 
1. -oed control, induction motor, 348 
Spirakore transformer, 272 
Spiral winding, 158, 165 
Split-phase starting, 377 
Split-pole synchronous converter, 443 
Squirrel-cage mo tor, 321_ 
doubl e^ 331 

operating cTinracterist ics, 322 
starting, 333 

torqv characteristics, 324 
Star o> Election, 147 
Start^ *g, compensators, 288, 335 
inunction motor, 383 
single-phase motors, 377 
synchronous converters, 448 
synchronous motors, t05 
Static cliaracteristics of \acuum tubes, 
514 

Stator, alternator, 107 
induction motor, 319 
Stator punchings, 168 
Stcfan-Iloltzinan law, 506 
Stroboscope, 356 
Substations, 499 
automatic, 502 
outdoor, 503 

Hynchronous-converter, 499 
transformer, 492 
Superheterodyne, 552 
Suppressor grid, 531 
Surge protection, 482 

Susceptance, 88 
capacitive, 36 

ispeiision-type insulators, 487 
ncbronizing, 240 
power, 233 

[' vchroiious booster, 442 


Synchronous condenser, 409 
Synchronous converter, 426 
armature, current, 434 
reaction, 438 
booster, 442 
connections, 445 
current ratios, 431 
dampers, 453 
efficiencies, 444 
inverted, 447 
parallel operation, 452 
polarity, 450 
polyphase, 428 
power output, 437 
rating, 437, 444 
split-pole, 443 
starting, 448 
substations, 499 
testing, 445 
tliree-wire, 454 
voltage control, 440 
voltage ratios, 429 
Synchronous generator, 157 
{See aho Alternator) 

Synchronous impedance, 210 
determination, 211 
method, 210 

Sjmehronous-in duct ion motor, 408 
Synchronous motor, 385 
amortisscur winding, 403 
armature reaction, 393 
damping, 403 
excitation, 390 
diagram, 402 
field excitation, 390 
liigh-start ing-torque, 407 
Imnting, 403 

industrial applications, 417 
loading, 386 

power factor correction with, 412 
small size, 421 
starting, 405 
timing with, 421 
torque, 386 
two-speed, 386 
V-ourves, 399 
vector diagram, 396 
voltage regulation with, 414 
Synchronous reactance, 211 
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Synchronous speed, 313 
Synchroscope, 114 

T 

T connection, 294 
Tangents, 608 
Tank circuit, 535 
Tap changing, 296 
Teaser transformer, 294 
Telechron clock motor, 421 
Tetrode, 529 

Thermionic efficiency, 506 
Thermionic emission, 504 
Thermocouple instruments, 104 
Thermosiphon circulation, 279 
Three-electrode tubes, 513 
static characteristics, 514 
Three halves power law, 509 
Three phase, generation, 127 
Three-phase line calculations, 4(i8 
Three-phase power, 132, 134, 137 
Three-phase power-factor indicator, 112 
Three-phase rectifier, 571 
Three phase transformer, 282 
connections, 290 

Three-phase vector diagrams, 130, 132 
Three-phase windings, 158 
Three-watt meter power measurcunent, 
138 

Three-wire distribution, 495 
Three-wire synchronous converter, 454 
Three-wire system, 495 
Thyratron, 578 
grid control, 588 
inverter, 584 
rating, 587 
Thyrite, 487 
Time-space vectors, 204 
Tirrill regulator, 232 
Torque, breakdown, 324 
induction motor, 315 
synchronous motor, 386 
Towers, transmission, 490 
Transconductance, 518 
Transfer characteristic, 516 
Transformer, 244 

all-day efficiency, 266 
ampere-turns, 247 
auto-, 285 


Transformer, bent-iron core, 276 
booster, 288 
breathing, 281 
commercial, 267 
connection, 289 
delta, 290 
Scott, 294 
T, 294 
V, 292 
Y, 290 

const ant-current, 299 
voiding, 278 
core loss, 258 
core-type, 267 
-coupl(*d amplifier, 527 
current, 301 
delta-connected, 290 
distribution, 2()7 
efficiency, 263, 266 
equivalent reactance, 255 
equivalent resistance, 255 

equivalent vector diagram, 255 
ex<‘iting current, 260 
hip6‘rsil core, 275 
impedance test, 268 
induc(‘d electromotive force, 245 
instrument, 300 
Kuhlnmn, 277 
l(*akag(‘ reactance, 250 
magnetizing current, 260 
open-circuit test, 258 
phasing, 289 
potential, 300 
power, 267 
I)rimary, 245 
regulation, 262 
Seott-eoiineeted, 294 
secondary, 245 
shell-type, 267 
short-circuit test, 268 
siitiplified vector diagram, 254 
Spirakore, 272 
substation, 492 
tap changing, 296 
9-connected, 294 
teaser, 294 
three-phase, 282 
unit values, 266 
V-eonneeted, 292 
vector diagram, 252 
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Transformer, wound-core, 270, 276 
Y-connected, 290 
rransmission line, 456 
calculations, 465, 468, 470 
capacitance, 462, 464 
construction, 488 
reactance, 459 
regulation, 468 

with distributed capacitance, 474 
transmission structures, 490 
iVansmission system, 456 
' Mangle of vectors, 15 
ingonometry, formulas, 605 
functions, 601 
tables, 606 
Triode, 515 
'IVue watts, 28 
'Pubes, 504 
coefficients, 517 

measurement of, 517 
efficiency, 525 
multielectrode, 532 
power, 525, 538 
! ulip contact, 500 
I uma phase meter, 112 
lungar, 561 

'Two-electrode tube, 508 
rectification, 544 
Two-phase system, 146 
r *'^o-wattmeter method, 139 
power factor diagram, 145 

IJ 

liidcrexcitation, 400 

1 nit values, 266 

L ses of alternating current, 1 

V 

\-connection, 292 
\ curves, 399 
\ acuum tube, 504 
coefficients, 517 

measurement of, 517 
efficiency, 525 
five-electiode, 531 
four-electrode, 529 
multielectrode, 532 
rectifier, 513 


Vacuum tube, three-electrode, 513 
two-electrode, 508 
X-ray, 513 
Valve, Fleming, 511 
Vars, 64 
Vectors, 14 
addition, 20, 72, 75 
combination, 15 
complex, 70 

diagram, alternator, 200 
equivalent transformer, 252 
induction motor, 341 
series motor, 365 
single-phase line, 467 
synchronous motor, 396 
transformer, 252 
transmission line, 473 
division, 74 
exponential, 74 
impedance. 79 
multiplication, 73 
reciprocal, 73 
rectangular, 71 
representation, 18 
rotation, 19 
triangle, 15 
Velocity, angular, 6 
Ventilation, alternator, 172 
Vibrating rectifier, 556 
Vibrating-reed frequency meter. 111 
Volt, 16 

Voltage, amplification, 526 
measurement of, 528 
control of synchronous converter, 440 
polygon, 55, 59 

ratios of synchronous converter, 429 
regulators, 232, 414 
Volt-amperes, 28 
reactive, 64 

Voltmeter, electrodynamometer, 95 
inclined-coil, 96 
iron-vane, 102 

W 

Warren Telechron clock motor, 421 
Watt, 24 

Watt-hour meter, 106 
calibration, 110 
Wattless current, 62 
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Wattmeter, 97 
calibration, 102 
compensated, 97 
connection, 97 
polyphase, 100 
Wave shape, alternator, 179 
Wavd winding, 169 
Winding, alternator, 158 
arnortisseur, 403, 453 
barrel, 158, 160, 161 
chain, 165 
closed, 158 
damper, 403, 453 
distributed field, 181 
fractional-pitch, 162 
full-pitch, "61 
half-coil, 160 
lap, 

pha^ig, 182 
pitca factor, 164, 178 
Wgle-phase, 159 
v'single-range, 165 
‘/spiral, 165 


Winding, three-phase, 162 
two-phase, 161 
two-range, 166 
wave, 159 
whole-coil, 160 

Wound-core transformer, 270, 276 
Wound-rotor induction motor, 326 
characteristics, 328 
Wye connection, 130 

X 

X-ray tube, 513 

Y 

Y-box, 139 
Y-connection, 130 
Y-curronts, 131 
Y-delta starters, 333 
Y-equi valent, 164 
Y-power, 132 
Y-voltagcs, 130 






